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ABSTRACT 
 
Synchronous hatching occurs in many aquatic turtles and appears to have evolved to 
maximise hatchling survival despite predation and stochastic environmental conditions. In 
most cases, synchronous hatching occurs when cooler, underdeveloped embryos in a nest 
either accelerate their development through metabolic compensation or hatch early. 
Synchronous hatching is more broadly a form of environmentally cued hatching (ECH), 
which generally allows embryos to alter the time of hatching in relation to the environment 
through phenotypic plasticity and hatch early, delayed, and/or synchronously. The 
mechanisms of ECH and synchronous hatching in reptiles are still poorly understood but both 
cause variation in developmental stage at hatching and reduce variation in incubation time to 
increase an individual’s chance of survival through a tradeoff between the risks and benefits 
of hatching. Reptilian embryonic development and incubation period are sensitive to 
temperature changes. Thermal gradients in shallow nests influence rates of embryogenesis, 
but how these are influenced is diverse given daily temperature fluctuations and seasonal 
trends. Differences in incubation conditions cause eggs at the top of a nest to experience 
warmer temperatures than eggs at the bottom, which increases metabolic and developmental 
rates of embryos and causes asynchronous development within clutches. Despite asynchrony 
in development, most clutches still hatch synchronously, which is thought to be an important 
survival strategy for hatchlings. Cold-incubated embryos are triggered to either hatch early 
and at a less developed stage or metabolically compensate to accelerate developmental rate 
and hatch fully developed. Metabolic compensation and matching of circadian rhythms in 
heart rates of embryonic turtles indicate the potential for communication between embryos in 
a nest.  
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I aimed to identify the mechanisms of hatching synchrony in the eastern long-necked turtle 
(Chelodina longicollis) and the painted turtle (Chrysemys picta) to determine if they 
synchronously hatch via hatching early or metabolic compensation. The Murray River short-
necked turtle (Emydura macquarii) is known to synchronously hatch by metabolically 
compensating during embryogenesis. In E. macquarii, metabolic compensation occurs 
because embryos initially incubated at different temperatures are still able to hatch at the 
same size and developmental stages after eggs are re-introduced to one another. Cold-
incubated embryos appear to “catch up” by increasing their developmental rate, which is 
correlated with higher metabolic rates during late development and reduced residual yolk sacs 
at hatching. In this project, asynchronous conditions were induced in clutches of C. 
longicollis and C. picta, and incubation periods and hatchling morphology were compared to 
determine whether they still hatched synchronously and whether cold-incubated embryos 
“caught up” developmentally with their warmer siblings. I also assessed metabolic rates via 
oxygen consumption and heart rates to determine if synchronous hatching occurred as a result 
of metabolic compensation. The effects of a group environment during incubation on egg 
development and incubation period were also investigated in C. longicollis during the final 3 
weeks of development.  
 
Both C. longicollis and C. picta hatched synchronously and showed circadian rhythms in 
heart rates, similar to E. macquarii, but only C. longicollis metabolically compensated. 
Chelodina longicollis embryos adjusted their heart rates during development and hatched 
without any differences in hatchling size or performance. Heart rate profiles in both C. 
longicollis and C. picta had periods of peaked activity and reduced activity or resting, over a 
24 h period, regardless of the initial incubation period. Chrysemys picta did not show 
evidence of metabolic compensation but instead hatched early. Chrysemys picta hatchlings 
  
ix 
 
overwinter in the nest, and require yolk reserves to sustain them until emergence in the 
following spring. Metabolic compensation requires embryos to catabolise more of their yolk 
reserves prior to hatching and thus could reduce the energy reserves available during winter. 
The loss of energy could be detrimental to hatchling survival prior to emergence the 
following spring. Circadian rhythms in embryonic heart rate could be a potential mechanism 
for embryonic communication within the nest, thus making group environments necessary for 
synchronous hatching. Eggs that are incubated in groups had significantly reduced incubation 
periods compared to eggs incubated individually. Eggs incubate in close contact with each 
other and heart rates could be detected and used to communicate developmental stage among 
clutch-mates, thus mediating synchronous hatching.  
 
The physiological mechanisms that enable metabolic compensation and early hatching are 
unknown, but hormones are likely to play a critical role. Thyroid hormones and 
glucocorticoids regulate embryogenesis and also play roles in birth/hatching events in many 
species. I aimed to identify the effects of the thyroid hormone triiodothyronine (T3) on the 
developmental rate of E. macquarii and determine if T3 or corticosterone (the primary 
glucocorticoid in reptiles) increase in concentration during development and prior to hatching 
and therefore may be responsible for metabolic compensation.  
 
Triiodothyronine was applied to E. macquarii eggs at the same stage of development, and 
heart rates, oxygen consumption rates, and incubation periods of all eggs were measured. 
Triiodothyronine treated eggs hatched up to 3.5 days earlier than untreated eggs, indicating 
that exposure to increased T3 can reduce incubation period. Eggs treated with T3 did not 
exhibit elevated metabolic rates, which indicated that these changes in incubation period were 
not mediated via metabolic compensation. Morphology and performance of hatchlings did not 
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differ between treated and untreated hatchlings. Histology of the thyroid gland showed no 
difference between hatchlings and T3 did not affect sex ratios. Together, these results suggest 
that T3 increases developmental rate, but does so without metabolic consequences to 
hatchlings.  
 
I also carried out hormone analysis on the yolks of E. macquarii embryos developing in 
asynchronous clutches to determine if hormone concentrations change throughout incubation 
in embryos induced to metabolically compensate. Corticosterone and T3 assays were 
undertaken at 9 time points during incubation, but there were no significant differences in the 
concentrations of either hormone between asynchronous and synchronous clutches. There 
was an increase in T3 concentration in asynchronous embryos from the final two time points 
measured and an increase in corticosterone in both asynchronous and synchronous clutches in 
the last time point. These increases coincided with the stage of development when embryos 
are preparing for hatching, which may be stressful and energetically demanding. 
Triiodothyronine and corticosterone regulate many physiological processes but do not appear 
to induce metabolic compensation in E. macquarii. Application of excess T3 reduces 
incubation period by accelerating development without affecting hatchling size and without 
incurring a metabolic cost. Likewise, T3 concentrations increased at the end of incubation just 
prior to hatching only in the asynchronous eggs, which suggests a potential role in 
accelerating development for hatching synchrony. Corticosterone concentrations also 
increased at the end of development but the increase was seen in both treatments, which 
suggests that it is necessary for hatching. 
 
Comparing the mechanisms used to synchronously hatch, further improves the understanding 
of the different ways in which ECH has evolved in reptiles. Emydura macquarii and C. 
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longicollis synchronously hatched by metabolically compensating, which enabled embryos to 
adjust their developmental rates and catch-up to more advanced eggs in the nest with no 
developmental costs, but hatched with reduced residual yolk. Metabolic compensation might 
evolve in species that emerge from the nest shortly after hatching because it allows similarly-
sized hatchlings to emerge en-masse and swamp potential predators. These species will also 
be able to forage as soon as they enter aquatic habitats, so the loss of yolk reserves is unlikely 
to affect their energetic requirements. In contrast, C. picta synchronously hatches via hatching 
early, which may result in reduced hatchling size and reduced locomotor performance in 
some cases, but benefits hatchlings that overwinter in the nest. Hatchlings of C. picta will not 
be disadvantaged by loss of energy reserves from reduced residual yolk sacs, which increases 
their ability to survive without feeding until the following spring. Together, my results show 
that synchronous hatching has evolved independently in different turtle lineages (pleurodiran 
vs cryptodiran) and that the specific mechanisms utilised to achieve synchronous hatching in 
each species are likely to maximise hatchling survival given the different hatching behaviours 
they exhibit. 
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CHAPTER 1 
 
GENERAL INTRODUCTION 
 
Phenotypic plasticity can be described as the interaction between environmental factors and 
genotype resulting in the expression of an environment-specific phenotype, referred to as 
reaction norms, which can impact on fitness and survival (West-Eberhard, 1989; Scheiner, 
1993). Changes to embryos’ environments during development can alter the behaviour, 
morphology, and physiology of the embryo (Doody, 2011). Plasticity in developmental 
response to changes in the environment can express traits that will reduce immediate threats 
to their survival, such as hatching behaviour and performance (Shine and Deeming, 2004 ; 
Doody, 2011; Du et al., 2013). Reptilian embryos have the ability to alter their time of 
hatching in relation to environmental conditions using phenotypic plasticity within the 
boundaries set by incubation temperature (Spencer et al., 2001; Colbert et al., 2010; Doody, 
2011; Spencer and Janzen, 2011; McGlashan et al., 2012). The timing of birth can impact on 
the survival of offspring both immediately and in the future (Brinkhof et al., 1993; 
O'Donoghue and Boutin, 1995; Sheldon et al., 2003; Doody, 2011).  
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Environmentally cued hatching 
Environmentally cued hatching (ECH) is when environmental conditions facilitate hatching 
which can result in variation in developmental stage or incubation time, and increase an 
individual’s chance of survival through a tradeoff between the risks and benefits of hatching 
(Gomez-Mestre et al., 2008; Warkentin and Calswell, 2009). Hatching behaviour is diverse, 
and embryos have the ability to hatch early, delayed or synchronously, and in some cases, 
multiple forms can be expressed in one species (Fig. 1) (Packard and Packard, 2000; Doody 
et al., 2001; Warkentin and Calswell, 2009; Doody, 2011; Spencer and Janzen, 2011). The 
period of hatching competence is the earliest possible point during embryogenesis that 
hatching can occur and the neonate will be viable (Doody, 2011). This period varies for 
individual species depending on the ECH behaviour that is displayed and the incubation 
conditions. 
 
 
 
 
 
Fig. 1: Incubation period for a clutch of Emydura macquarii embryos incubated at 30 °C (45-
51 days), pipping begins at day 45 (based on the metabolic profile of E. macquarii 
(Thompson, 1989)). The light grey area indicates length of incubation; the dark grey area 
indicates a plastic period for hatching and the final stage of development. The blue marker 
shows the point where early hatching can commence, the red marker and arrow shows the 
point where synchronous hatching can occur and the green marker and arrow shows the point 
where delayed hatching can occur.  
Early Synchronous Delayed 
Hatching Competence 
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Early hatching 
Early hatching occurs immediately at the onset of hatching competence (Gomez-Mestre et al., 
2008). It is triggered by abiotic or biotic cues in the environment, but most commonly 
through disturbances within the nest (Sih and Moore, 1993; Warkentin, 1995; Warkentin, 
2000; Warkentin and Calswell, 2009). Early hatching is observed in the tuatara, crocodiles, 
many snakes, lizards, and a few turtles from a variety of triggers, but most commonly from 
vibrations and movement within the nest, as seen in the Australian pig-nosed turtle 
(Carretochelys insulpta) (Webb et al., 1986; Vitt, 1991; Doody et al., 2001; Doody, 2011; 
Doody et al., 2012). Hatching early can incur developmental costs to the individual, including 
hatching at an earlier developmental stage, reduced fitness and smaller body size (Warkentin, 
1995; Doody, 2011).  
 
Delayed hatching 
Delayed hatching occurs when embryos reach hatching competence but remain inside the egg 
for some period after completing development. The period that hatching can occur spans 
from the onset of hatching competence up to weeks, or months later (Gomez-Mestre et al., 
2008). Delayed hatching is when an individual or a whole clutch delay hatching until 
triggered by certain conditions or events to ensure optimal foraging ability and greater 
protection from predators (Webb et al., 1986; Doody et al., 2001; Warkentin and Calswell, 
2009; Rafferty and Reina, 2012). Other strategies that result in delayed hatching in reptiles, 
include embryonic diapause and cold torpor (Rafferty and Reina, 2012). The ability to delay 
time of hatching until specific conditions are experienced is evident in a number of species of 
turtles, lizards, and crocodiles (Thorbjarnarson and Hernández, 1993; Doody, 2011). Delayed 
hatching is observed in the Australian eastern-long-necked turtle (Chelodina longicollis), but 
the trigger for hatching in this species is not known (Spencer, 2012). In addition to hatching 
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early, C. insulpta can delay hatching and aestivate underground until the onset of the wet 
season when nests become inundated with water, causing hypoxic conditions and triggering 
synchronous hatching of all eggs in the nest (Webb et al., 1986; Doody et al., 2001). 
 
Synchronous hatching 
Synchronous hatching occurs when all the eggs in a nest hatch within a short timeframe after 
reaching hatching competence. It is commonly observed in a majority of freshwater and 
marine turtles, lizards and crocodiles (Ims, 1990; Thompson, 1993; Spencer et al., 2001; 
Pike, 2009; Colbert et al., 2010; Doody, 2011). Hatching is usually triggered by movement, 
vibrations, and sound within the nest (Lang, 1987; Spencer et al., 2001; Colbert et al., 2010; 
Doody, 2011), or other environmental cues such as flooding, waiting for optimal conditions 
and/or hypoxia as in C. insculpta (Webb et al., 1986). The painted turtle (Chrysemys picta) 
hatches synchronously which is an overwintering strategy to gain an optimal position in the 
nest until they emerge in the following spring (Colbert et al., 2010). The Murray short-necked 
turtle (Emydura macquarii) hatches synchronously, potentially as a predator avoidance 
strategy (Spencer et al., 2001; Tucker et al., 2008; McGlashan et al., 2012). 
 
Synchronous hatching in turtles 
Synchronised hatching reduces an individual’s exposure to prey-switching predators and 
improves survival rates of the new recruitments. Individuals that are first to perform 
(hatching and emerging from the nest) have a better chance of survival due to a lag time from 
when they start to leave the nest to when predators become aware (Ims, 1990; Testa, 2002; 
Tucker et al., 2008). Emydura macquarii emerge shortly after hatching, and the threat of 
predation favours synchronous hatching and optimal performance. Chelodina longicollis are 
thought to be solitary nesters, and hatching and emergence may only be a risk to 
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opportunistic or generalist predators so the evolutionary drive for synchronous hatching is 
reduced (Spencer, 2012). Little is known about the hatching behaviour in natural nests but 
there are a few reports that delayed emergence or overwintering of hatchlings might occur in 
natural nests (Ferronato, 2015). Overwintering is where hatchlings delay emergence and 
hibernate in the maternal nest until the following spring. Hatchlings will spend the cool 
autumn and winter months in a state of low metabolic activity and emerge several months 
later when environmental conditions are optimal (Costanzo et al., 1995; Costanzo et al., 
1999; Gibbons, 2013). Chrysemys picta frequently overwinter in the natal nest, but they 
exhibit synchronous hatching (Colbert et al. 2010).  
 
In preparation for the nesting season, turtles simultaneously ovulate from each ovary. Eggs 
are retained in utero and embryogenesis is arrested at the gastrula stage until oviposition 
within the maternal nest (Ewert, 1985). Turtle nest environments vary considerably among 
species. Marine turtles construct nests as deep as 400 mm (Ackerman, 1977), a depth where 
temperatures can be relatively stable (Booth and Astill, 2001a), but generally diurnal 
temperatures will fluctuate within the nest. Smaller marine turtle species and majority of 
freshwater turtle embryos develop in shallow nests much closer to the surface (50-200mm). 
Embryos in shallow nests can be affected by temperature variation within the nest caused by 
ambient temperatures (Carr and Hirth, 1961; Booth and Astill, 2001a; Maloney et al., 1990) 
and internal metabolic heating (Bustard, 1971; Wallace et al., 2004) which can have 
environmental impacts throughout embryogenesis (Wilson, 1998; Wallace et al., 2004).  
 
Embryonic development and incubation period are sensitive to temperature changes, with 
warmer temperatures influencing growth and developmental rate and resulting in shorter 
incubation periods (Fig. 2) (Deeming and Ferguson, 1991; Booth, 1998; Monaghan, 2008). In 
  
6 
 
shallow nests there is a thermal gradient that occurs between the top and the bottom (Fig. 3) 
(Thompson, 1988, 1989). Daily temperature fluctuations and seasonal changes in ambient 
temperature will affect nest temperatures and as a result, affect egg developmental outcomes 
and developmental time (Thompson, 1988, 1989; Booth and Thompson, 1991; Thompson et 
al., 1996; Thompson, 1997; Booth, 1998; Shine and Elphick, 2001). Eggs at the top of a nest 
generally experience warmer incubation temperatures than eggs at the bottom, and 
differences can be up to 6 °C (Fig. 3) (Thompson, 1988, 1997). Egg position and thermal 
gradients in a nest can alter developmental rates of embryos, and have the potential to cause 
asynchronous clutch conditions (Thompson, 1988; Deeming and Ferguson, 1991; Thompson, 
1997).  
 
 
Fig. 2: The effect of incubation temperature on length of incubation in developing desert 
iguanas (Dipsosaurus dorsalis) (Muth, 1980). 
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Fig. 3: Thermal gradient experienced by freshwater turtles, where eggs at the top experience 
warmer temperatures than eggs at the bottom of the nest. Photos: Dormer (2012).  
 
 
 
 
 
 
50-200 mm 
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The average temperature difference between the top and the bottom eggs in the nest over a 24 
h period is 3 °C (based on daily nest temperature variations in Thompson, 1988; Fig. 4). 
Temperature and development in natural conditions are not linear and mean temperatures are 
not a good indication of the effects seen in natural conditions. Constant temperature 
equivalents (CTE) are designed to replicate fluctuating conditions and determine natural 
biological processes to compare to constant temperature regime experiments. The CTE of a 
fluctuating temperature regime should result in offspring with similar phenotypic expression 
and developmental time as the fluctuating temperature regime (Georges et al., 1994). Daily 
temperature fluctuations in the field affect development of the Australian scincid lizard 
(Bassiana duperreyi) independent of the effects of mean temperature (Shine and Harlow, 
1996) because of the variation within a nest (Fig. 4). As daily nest temperatures rise, 
developmental rate will increase and the effect of temperature on development will be 
greater, but variation into extreme highs or lows may slow development or result in 
developmental inhibition.  
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Fig. 4: The difference in temperatures experienced by eggs at the top and bottom of a nest 
over a 24 h period. Temperature was measured at the beginning and end of a season, M ± SD 
and sample size is in parentheses (Thompson 1988). 
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Temperature will affect eggs differently depending on their position in the nest (Georges et 
al., 1994). These thermal variances will strongly influence rates of embryogenesis and the 
hatchlings phenotype, including morphology, activity levels and performance such as running 
speed and thermoregulatory behaviour, independent of the effects of mean temperature 
(Shine and Harlow, 1996). Despite the variation in temperature causing developmental 
differences among embryos, hatching synchrony still occurs in many freshwater turtle nests 
(Thompson, 1989; Doody et al., 2001; Spencer et al., 2001; Colbert et al., 2010; McGlashan 
et al., 2012). 
 
Embryonic development and the environment  
Temperature significantly affects all biological processes in animals at an organisational level 
to whole-body processes, including metabolism and growth (Wilhoft, 1958; Packard et al., 
1988; Rome et al., 1992; Packard and Packard, 1994; Johnston et al., 1996). Typically, 
physiological rates increase with rising temperature until the optimal temperature for that 
process is reached, after which performance declines rapidly (Fig. 5) (Huey and Stevenson, 
1979; Damme et al., 1990; Angilletta et al., 2002; Schulte et al., 2011). There are limits for 
optimal temperature and exceeding those limits into minimum critical thermal limits (CTMin) 
or maximum critical thermal limits (CTMax), may be detrimental to development and survival 
(Angilletta et al., 2002; Zhu et al., 2006; Du et al., 2007).  
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Fig. 5: Hypothetical diagram of a thermal performance curve. The temperature where 
performance is optimal is termed Topt and the points where performance is zero are critical 
temperatures (CTmin and CTmax). 
 
 
Mechanisms of synchronous hatching 
Hatching synchrony in reptiles can occur either by delaying hatching (eg. C. insculpta (Webb 
et al., 1986; Doody et al., 2001), hatching early (eg. C. picta (Colbert et al., 2010)) or through 
metabolic compensation (eg. Eastern three-lined skink (Bassiana duperreyi) (Du et al., 
2010a) and E. macquarii (McGlashan et al., 2012)). Cues from more advanced eggs stimulate 
less advanced eggs to either hatch early or accelerate developmental rate to hatch at the same 
developmental stage (Colbert et al., 2010; McGlashan et al., 2012). These cues could include 
 
Topt 
Tmin Tmax 
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sibling heart rate, CO2 concentrations in the nest (Spencer et al., 2001; Spencer and Janzen, 
2011) or acoustic communication through stridulation, vibration and audible clicks (Vergne 
et al., 2009; Ferrara et al., 2013; Ferrara et al., 2014).  
 
Embryonic development and metabolic compensation 
The incubation period of turtles can be divided in to two phases; primary development and 
secondary development. Primary development is associated with organ and tissue growth 
(Birchard and Reiber, 1996; Booth, 2000; Wallace et al., 2004; Mortola, 2009; Colbert et al., 
2010) and secondary development is the last stage of incubation and is associated with 
maturation of the neuromuscular system (Wallace et al., 2004; Colbert et al., 2010). 
Metabolic rate in many precocial animals increases in a sigmoidal pattern (having an “S” 
shape) throughout development until they peak several days before hatching, and then 
decrease steadily (Thompson, 1989; Booth, 2000; Booth and Astill, 2001; Du et al., 2010b; 
McGlashan et al., 2012). This decline following the peak is the period of secondary 
development and is thought of as a ‘resting stage’, important for sensory, neuromuscular and 
thermoregulatory system growth (Wallace et al., 2004; Peterson and Kruegl, 2005). This 
marked fall in metabolic rate occurs in embryos of C. insculpta (Webb et al., 1986), E. 
macquarii and the American alligator (Alligator mississipiensis), 80-90% of the way through 
incubation (Thompson, 1989).  
 
Hatching can occur at any time from the beginning of hatching competence, which is any 
time after peak embryonic metabolism. If turtles developing in cooler conditions in the nest 
do not adjust developmental rates, they can only achieve synchronous hatching by hatching 
early (Fig. 6; outcome 1), which requires shortening of the secondary developmental stage, 
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and could adversely affect their development, physiological performance, and ultimately 
survival (Colbert et al., 2010).  
 
Emydura macquarii hatch synchronously via metabolic compensation when incubated next to 
more advanced eggs (Fig. 6; outcome 2). Metabolic compensation enables adjustments at 
many levels of biological organisation to complete development and hatch synchronously 
with no performance costs, but in doing so they utilise more of their yolk reserves to fuel 
greater metabolic demands (Hazel, 1989; Rome et al., 1992; McGlashan et al., 2012), It is not 
known whether the mechanism for synchronous hatching in C. picta incorporates metabolic 
compensation, but their reduced performance suggests that early hatching embryos 
potentially miss the resting period for secondary development (Vleck et al., 1979; Peterson 
and Kruegl, 2005; Colbert et al., 2010). 
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Fig. 6: Stylised metabolic profile of turtle embryos (eggs) throughout incubation at 26 ºC and 
30 °C (based on the metabolic profile of Emydura macquarii embryos incubated at 26 ºC 
(Thompson, 1989) and 30 °C (McGlashan et al., 2012). Eggs at the top of the nest are 
incubated in warmer conditions (red line) and have a shorter incubation period than eggs at 
the bottom of the nest in the cooler incubation conditions (blue line). Two possible outcomes 
can occur in a nest, (1) embryos will not be stimulated to increase their metabolic rates but 
instead hatch early and miss secondary development (blue arrow) or (2) embryos will adjust 
their metabolic rates during the final third of incubation (broken black line), thus completing 
secondary development. The light grey box represents secondary development for eggs 30 °C 
and the dark grey represents the secondary development for eggs from 26 °C. 
 
 
.  
Metabolic Compensation  
Early Hatching 
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To understand the mechanisms that have led to the evolution of synchronous hatching in a 
species, it is necessary to identify the type of hatching behaviour. Whilst we are aware that E. 
macquarii metabolically compensates to catch-up to more advanced clutch-mates, there are 
still many gaps in the understanding of what other mechanisms drive synchronous hatching 
and why different hatching behaviours exist. Two freshwater turtles from geographically 
different locations and different turtle lineages (pleurodiran vs cryptodiran) were selected to 
further investigate the mechanism of ECH. I aimed to determine the different physiological 
mechanisms of hatching in C. picta and the C. longicollis, as both species overwinter in the 
nest, and to compare them against what is already known in E. macquarii to further develop 
the evolutionary perspective of synchronous hatching. 
 
Endocrine system 
Thyroid hormones and glucocorticoids are likely candidates for regulating metabolic 
compensation because they regulate embryonic development, growth, and metabolism in 
animals (Himms-Hagen, 1976; Dauncey, 1990; Silva, 2001; Hollenberg and Forrest, 2008). 
Less advanced embryos that metabolically compensate to catch up with more advanced 
clutch-mates may do so by shifting hormone concentrations during development. Increased 
hormone concentrations may be responsible for accelerated development in freshwater turtles 
that synchronously hatch through metabolic compensation.  
 
Thyroid hormones 
Yolk is the primary supplier of thyroid hormones to the embryo for early tissue growth prior 
to thyroid gland differentiation and hormone synthesis (Escobar et al., 1985; Escobar et al., 
1988; Prati et al., 1992). Thyroid hormone concentrations in the yolk decrease in the early 
stages of development as they are taken up by tissues, particularly for neurodevelopment 
  
16 
 
(Prati et al., 1992; Bernal and Nunez, 1995; Escobar et al., 2004; Morreale de Escobar et al., 
2004), but concentrations begin to increase in the body following the onset of endogenous 
synthesis by the thyroid (Prati et al., 1992). After the thyroid gland develops and is 
functional, hormone secretion is regulated through the hypothalamic-pituitary-thyroid (HPT) 
axis, and the thyroid gland becomes the major thyroid hormone producer to the embryo 
(Thommes et al., 1977; McNabb and Wilson, 1997). Thyroxine (T4) is the major secretory 
product of the thyroid gland and the primary circulating hormone in the blood and is 
converted into triiodothyronine (T3) in the liver, and its targets cells. Triiodothyronine is the 
active hormone that is primarily responsible for the physiological effects in tissues (Becker et 
al., 1997; O'Steen and Janzen, 1999; Rivera and Lock, 2008; Axelband et al., 2011). 
 
The importance of thyroid hormones early in development is evidenced by the presence of 
thyroid hormone receptors in the brain, heart and yolk sac in early stages of embryonic 
development, before the thyroid gland is functional (Perez-Castillo et al., 1985; Bradley et al., 
1992; McNabb and King, 1993). Thyroid hormones are required for the growth and 
development of embryonic tissues throughout development, but increases in concentration 
are strongly correlated with the final stages of embryogenesis, prior to hatching and 
immediately post hatching in crocodiles and turtles (Dimond, 1954; Shepherdley et al., 2002). 
Thyroid hormones can accelerate development in embryos and metabolic rates of hatchling 
turtles and adult lizards (Chandola-Saklani and Kar, 1990; O'Steen and Janzen, 1999). 
Increased concentrations of thyroid hormones accelerated development in amphibians and 
fish by speeding up stages of metamorphosis, and a reduction of thyroid hormones caused 
deformities and arrested development of fins and limbs (Miwa and Inui, 1987; Brown, 1997; 
Callery and Elinson, 2000; Escobar et al., 2004; Morreale de Escobar et al., 2004). I aimed to 
identify the effect thyroid hormone T3 has on development and incubation of embryonic E. 
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macquarii. Given the effect thyroid hormones have on development, it might be possible that 
increased concentrations during embryogenesis will accelerate development in embryonic 
turtles, and potentially stimulate metabolic compensation and synchronous hatching. 
 
Glucocorticoids 
Glucocorticoids are also of maternal origin prior to development of the adrenal glands, and 
arise via endogenous regulation through the hypothalamo-pituitary-adrenal (HPA) axis later 
in embryonic development (Wise and Frye, 1973; Freeman, 1974; Tona et al., 2003). 
Glucocorticoids control actions and physiological responses to immediate stressors and 
prepare and aid adaptation to chronic stressors (Wingfield and Ramenofsky, 1999; Sapolsky 
et al., 2000).  
 
In reptiles, corticosterone is the primary hormone released to modulate actions and maintain 
homeostasis in response to a stressor (Hanke and Kloas, 1995). Corticosterone regulates 
many physiological and behavioural processes that help the body adjust to stress and restore 
homeostasis, including regulation of energy storage and utilization, such as maintaining 
normal concentrations of glucose in blood and supporting increased metabolic demands 
(Wingfield and Ramenofsky, 1999; McEwen and Wingfield, 2003; Cote et al., 2006; Klose et 
al., 2006; Landys et al., 2006; Dallman and Bhatnagar, 2010). Increased corticosteroid 
concentrations in blood plasma influences survival, size and body condition, stamina and 
metabolism i.e. oxygen consumption in birds and reptiles (Wikelski et al., 1999; Miles et al., 
2007; DuRant et al., 2008; Meylan et al., 2010). Corticosterone is synthesised by the adrenal 
glands from mid-development and increases in concentration in the embryo late in 
development, until hatching and is thought to be important for the change of respiration mode 
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after hatching (Pedernera, 1972; Wise and Frye, 1973; Kalliecharan and Hall, 1974; Medler 
and Lance, 1998; Thompson, 2007; Mortola, 2009).  
 
Corticosterone and T3 have very similar biological effects on metabolism and neuromuscular 
development. Both hormones increase in the plasma of embryos around the time of hatching 
and are required for yolk absorption, egg emergence and post hatching performance and 
survival (Dimond, 1954; Wikelski et al., 1999; Miles et al., 2007). Embryos of the snapping 
turtle (Chelydra serpentina) have reduced yolk sac absorption and a greater rate of failure to 
complete hatching when treated with a thyroid inhibitor during embryogenesis (Dimond, 
1954). In the side-blotched lizards (Uta stansburiana), increased corticosterone 
concentrations results in improved stamina by enhancing locomotor abilities and reducing 
recovery times and resting metabolic rates (Miles et al., 2007). 
  
The physiological mechanisms that underlie metabolic compensation are unknown, and 
corticosterone and thyroid hormones could be responsible for increasing metabolic rates. 
Embryonic stress responses trigger changes in corticosterone concentrations, and can increase 
circulating thyroid hormone T3 because it is linked to the conversion of T4 to T3 in avian 
embryos (Decuypere et al., 1983; Meeuwis et al., 1989). Similar patterns of increased 
corticosterone and T3 concentrations occur during development and metamorphosis in 
anurans (Kikuyama et al., 1993; Becker et al., 1997; Brown, 1997; Hayes, 1997; Fort et al., 
2007). Nest environments that result in asynchronous development of eggs may impact on the 
long-term stress of the embryo (length of stress period relative to incubation length). Stress 
may stimulate an increase in corticosterone secretion, causing an increase in T3 conversion 
that ultimately stimulates an increase in metabolic rates in the stressed embryo.  
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Production of T3 and corticosterone has been correlates and both hormones have similar 
physiological functions.  I aimed to analyse both corticosterone and T3 hormone 
concentrations throughout the incubation period in E. macquarii embryos developing in 
synchronous and asynchronous clutch environments. Emydura macquarii are known to 
metabolically compensate, and this method is intended to identify if thyroid hormones and 
corticosterone are involved in regulating metabolic compensation and synchronous hatching. 
I aimed to analyse both corticosterone and T3 hormone concentrations throughout the 
incubation period in E. macquarii embryos developing in synchronous and asynchronous 
clutch environments. Emydura macquarii are known to metabolically compensate, and this 
method is intended to identify if thyroid hormones and corticosterone are involved in 
regulating metabolic compensation and synchronous hatching 
 
Thesis structure 
In this thesis, I analysed synchronous hatching in three species of freshwater turtles, C. 
longicollis, C.picta and E. macquarii. Specifically, I aimed to determine the hatching 
behaviour of C. longicollis embryos during asynchronous clutch incubation environments. I 
also assessed the heart rate of embryos and egg position in the nest to determine if either 
factor may influence hatching behaviour (Chapter 2). Chapter 2 is a published manuscript 
that identifies the hatching behaviour and the mechanism of synchronous hatching in C. 
longicollis. In Chapter 3 I aimed to determine the mechanism of synchronous hatching in C. 
picta and whether neonates are hatching early or metabolically compensating throughout 
incubation. Metabolic data, including heart rate and rate of oxygen consumption were used to 
assess metabolic rates in asynchronous clutch environments, and morphometric 
measurements are used to determine phenotypic consequences in both Chapters 2 and 3. 
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Chapters 4 and 5 address the function of the endocrine system during embryonic 
development and hatching in freshwater turtles. The hormones T3 and corticosterone have 
important functions in embryonic development and may trigger synchronous hatching 
through metabolic compensation and or early hatching. I aimed to test the effects of the 
exogenous application of T3 hormone on the developmental rate, hatching time and 
phenotypic traits of the freshwater turtle E. macquarii (Chapter 4). Hormone concentrations 
during asynchronous development will indicate the role of the both T3 and corticosterone 
hormones during metabolic compensation. I aimed to further investigate the role of T3, as 
well as corticosterone concentration throughout development in E. macquarii embryos in 
asynchronous clutch environments, through yolk hormone assays taken throughout 
incubation.  
 
Finally, in Chapter 6 I present concluding thoughts on the mechanisms of synchronous 
hatching and the biological and ecological significance as well as the future directions in the 
field of ECH. The thesis is set out as a series of four manuscripts and may contain repetition 
of content between chapters due to the manuscript formatting.  
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Abstract 
Variable temperatures within a nest cause asynchronous development within clutches of 
freshwater turtle embryos, yet synchronous hatching occurs and is thought to be an important 
survival strategy for hatchlings. Metabolic compensation and circadian rhythms in heart rates 
of embryonic turtles indicate the potential of communication between embryos in a nest. 
Heart rates were used to identify metabolic circadian rhythms in clutches of an Australian 
freshwater turtle (Chelodina longicollis) and determine whether embryos metabolically 
compensate and hatch synchronously when incubated in asynchronous environments. The 
effects of a group environment during incubation on egg development and incubation period 
were also investigated during the final 3 weeks of development. Chelodina longicollis hatch 
synchronously and metabolically compensate so that less advanced embryos catch-up to more 
advanced clutch-mates. Heart rates of embryos remained stable from week 4-7 in 
asynchronous (M = 89 bpm) and synchronous (M = 92 bpm) groups and declined in the final 
two weeks of incubation (M = 72 and 77 bpm). Circadian rhythms were present throughout 
development and diel heart rates of embryos in asynchronous groups showed less deviation 
from the mean (M = - 0.5 bpm) than synchronous  groups (M = - 4 bpm). Eggs incubated in 
groups had a significantly shorter incubation period than eggs incubated individually. 
Phenotypic traits including size, performance and growth of all hatchlings were not affected. 
Egg position within a turtle nest is important for coordinating development throughout 
incubation and facilitating synchronous hatching.  
 
Key words: Egg, embryo, embryonic communication, embryonic development, 
environmentally cued hatching, turtle, incubation, metabolic compensation, nest 
environment, synchronous hatching 
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Introduction 
Environment affects embryonic development of an organism and alters offspring fitness and 
survival, including variations in an individual's behaviour, physiology, morphology, 
performance, and phenotypic characteristics (Deeming and Ferguson, 1991; West-Eberhard, 
2003; Monaghan, 2008). Collectively, these variations are referred to as phenotypic plasticity 
(Price et al., 2003; Doody, 2011). Intrinsic and extrinsic factors, such as timing of ovulation, 
nutrient acquisition, and dissimilar thermal environments in the nest, cause variation in 
development and incubation period of the embryo (Deeming and Ferguson, 1991). 
Environmental conditions, such as temperature, influence embryonic development, including 
incubation length (Deeming and Ferguson, 1991; Booth, 1998; Monaghan, 2008), sex 
determination (TSD) (Yntema, 1968, 1978; Bull and Vogt, 1979; Bull, 1985), and 
physiological changes i.e. metabolic rate (developmental rate and cardiovascular function) of 
embryos (Packard and Packard, 1988; Du et al., 2009, 2010b). In natural nests of pleurodiran 
(side-necked) turtles, temperature fluctuates daily and results in a temperature gradient that 
varies up to 6 °C between the top and the bottom of the nest. Eggs at the top experience 
greater shifts in temperature and are warmer for more than 75% of the day (Thompson, 1988, 
1997). Temperature determines the length of incubation, with warmer incubation 
temperatures resulting in higher embryonic metabolic rate, including cardiac function, the 
number of heart beats, and faster development (Birchard and Reiber, 1996; Du et al., 2009) 
than do cooler temperatures (Packard and Packard, 1988; Deeming and Ferguson, 1991; 
Monaghan, 2008).  
 
Despite the environmental influence of temperature on incubation length, many avian and 
reptilian embryos are capable of altering their development and hatching time (Hoyt, 1979; 
Vleck et al., 1980; Thompson, 1989; Du et al., 2011; McGlashan et al., 2012). Embryos have 
the ability to alter time of hatching in relation to environment through phenotypic plasticity 
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(Packard and Packard, 2000; Doody, 2011; Spencer and Janzen, 2011). A recent focal point 
for embryonic studies, and in particular reptilian embryos, is environmentally cued hatching 
(ECH) (Warkentin and Calswell, 2009). ECH can increase an individual's chance of survival 
through a tradeoff between risks (Gomez-Mestre et al., 2008; Warkentin and Calswell, 2009). 
Phenotypic plasticity facilitates ECH where embryos can hatch early, delay hatching, or hatch 
synchronously in response to environmental conditions. These behaviours are not mutually 
exclusive and some species show multiple forms of ECH (Warkentin and Calswell, 2009; 
Doody, 2011).  
 
The event and timing of hatching can affect survival of offspring both immediately (risk of 
predation) and in the future (resource availability, size, and performance of individual) 
(Spencer and Janzen, 2011). Fully developed pig-nosed turtle (Carretochelys insculpta) 
embryos delay hatching until the onset of the wet season when nests become inundated with 
water, causing spontaneous hatching of all eggs in the nest (Webb et al., 1986; Doody et al., 
2001). Embryos hatch synchronously in response to hypoxia caused by flooding or vibrations 
from movement of hatchlings (Doody et al., 2012). Conversely, the Murray short-necked 
turtle (Emydura macquarii), and the North American painted turtle (Chrysemys picta) hatch 
synchronously by either catching up or hatching prematurely. E.macquarii embryos increase 
metabolic rates throughout the last third of development to catch up and hatch at a similar 
developmental stage to more advanced clutch-mates. Metabolic compensation does not affect 
hatchling size and performance immediately and up to 5 months post hatching (Spencer et al., 
2001; McGlashan et al., 2012). Less advanced embryos of C. picta also hatch prematurely in 
response to more advanced siblings, but metabolic compensation is not apparent, in terms of 
neonatal performance post hatching (Colbert et al., 2010).  
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The cardiovascular system is vital for oxygen and nutrient delivery during development 
(Birchard and Reiber, 1996; Tazawa, 2005; Monaghan, 2008). Heart rate of precocial 
embryos is dependent on temperature and stage of development (Cain et al., 1967; Tazawa, 
2005) and is used as an indicator for metabolic rate in avian and reptilian embryos (Ar and 
Tazawa, 1999; Pearson and Tazawa, 1999; Tazawa, 2005; Du et al., 2009, 2010b, 2011). 
Metabolic rate, or heart rate, can show circadian rhythms which can be endogenously driven 
over a 24 h period. Within a nest of buried eggs, where there are no external signals such as 
daylight, rhythms can be variable and lacking any temporal organization (Laposky et al., 
2008). Embryonic reptiles show circadian rhythms in metabolic rates during incubation in the 
absence of environmental cues. Circadian rhythms occur in rates of oxygen consumption in 
groups of embryonic snakes (Dmi'el, 1969) and in heart rates of turtle embryos (Loudon et 
al., 2013). Metabolic compensation and synchronized circadian rhythms could suggest that 
there is communication between embryos within a clutch during development, but how 
individuals communicate developmental stage is unknown. For eggs that are incubating in 
close contact, there is potential for individuals to detect heart beats of siblings and adjust 
developmental rates accordingly. Preliminary data suggest that eggs of E. macquarii 
incubated in groups have less variation in heart rates and incubation periods are significantly 
shorter compared to eggs incubated in isolation (Loudon et al., unpublished data). The aim of 
this study was to further explore the phenomenon of ECH that's evidently increasing in 
reported occurrences. We aim to identify, if hatching synchrony occurs in the Australian 
chelid, Chelodina longicollis, and the mechanisms utilized (metabolic compensation and 
circadian rhythms). If C. longicollis hatches synchronously through metabolic compensation, 
it should be evident in the diel patterns of embryonic heart rates and incubation periods of 
embryos incubated next to more advanced eggs. We also aim to test the effect of egg 
positioning within a nest during incubation. Eggs that are incubated in groups will have a 
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shorter incubation period and hatch synchronously compared to eggs incubated individually, 
due to the potential for embryo–embryo communication. 
 
Method 
Study species 
Chelodina longicollis has a wide distribution in south-eastern Australia. It occupies shallow, 
transient waterholes, remote water bodies, and permanent rivers (Chessman, 1988). Females 
may travel 500 m or more to nest (Cann, 1998; Kennett, 1999; Kennett et al., 2009) and 
predation on nests is high (Thompson, 1983; Beck, 1991). Clutch sizes vary between 6 and 
23 eggs, each egg weighing between 4 and 8 g. Natural incubation and emergence takes from 
110 to 150 d, with overwintering of hatchlings in the nest in populations in southern Australia 
(Parmenter, 1985).  
 
Female C. longicollis were captured from the Hawkesbury region, New South Wales 
(−33.61°S, 150.75°E) from 1 to 14 November 2011 using lobster and cathedral traps. 
Females were palpated and all gravid females were given a subcutaneous injection of 
oxytocin (1 mL/kg) (Spencer et al., 2001) to stimulate oviposition. Females were then placed 
in water in individual containers in a quiet dark room. Eggs were collected from containers 
over a period of 5 to 24 h, weighed and individually marked in order of oviposition using a 
HB pencil. Eggs were then placed in containers with moist vermiculite and kept cool until all 
eggs from the clutch were collected (Spencer et al., 2001; Colbert et al., 2010). A total of 20 
clutches of 6–12 eggs were collected for the asynchrony experiment and 5 clutches of 7–10 
eggs for the egg positioning experiment. Prior to release, all females were palpated to ensure 
all eggs were laid; three of the 20 females were injected twice to complete oviposition.  
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Incubation methods  
Eggs were half buried in a mixture of vermiculite and deionized water (1:1) and incubated in 
clear plastic containers (200 × 100 × 50 mm). Eggs were removed from containers weekly 
and vermiculite and water mixture was weighed and rehydrated to maintain water potential of 
vermiculite. The initial weight of the container and vermiculite were used to account for 
evaporation and net water gain from the eggs. Containers were also rotated weekly within 
environmental chambers to counteract potential thermal gradients (Janzen, 1993; Colbert et 
al., 2010).  
 
Asynchrony experiment  
Six eggs from each of the 20 clutches were used for this experiment. Asynchrony within 
clutches of C. longicollis was established in 10 of the clutches at the beginning of the 
experiment using protocols similar to Spencer et al. (2001) and Colbert et al. (2010). To 
establish developmental asynchrony, two of the six eggs from each clutch were incubated at 
30 °C and the remaining four eggs were incubated at 26 °C for 8 d. After 8 d, the four eggs 
incubated at 26 °C were reunited with the two more advanced eggs at 30 °C and positioned so 
that they were not in contact but were within 10 mm of each other. The two more advanced 
eggs were placed between the four eggs incubated at 26 °C. We refer to this group of eggs as 
the ‘asynchronous’ group as eggs will be at different developmental stages (Fig. 1). The 
remaining 10 clutches were used as the ‘synchronous’ groups and were set up using the same 
procedure, with the two not advanced eggs being incubated at 26 °C for the 8 d period. The 
remaining four eggs were also incubated at 26 °C so that all six eggs are still at the same 
developmental stage and therefore synchronized when reunited (Spencer et al., 2001). After 
eggs were reunited into containers, containers were placed in a 30 °C incubator until 
development was completed. Each clutch was incubated in separate containers throughout the 
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experiment. Heart rates of embryos from asynchronous and synchronous groups were 
monitored weekly and containers were opened every 2–3 d to allow fresh air exchange 
throughout the incubation period until the commencement of pipping/hatching.  
 
 
 
Fig. 1: Incubation method- Eggs from each clutch were divided and incubated separately for 
8 d, then returned to the same containers to continue incubation at 30 °C. Asynchronous 
group- two more advanced eggs (black) were incubated at 30 °C and four eggs (white) were 
incubated at 26 °C for 8 d. Synchronous group- two not advanced eggs (black) were 
incubated at 26 °C and four eggs (white) were incubated at 26 °C for 8 d. All eggs were then 
placed in 30 °C incubators until the completion of incubation. 
 
 
Egg position: Group vs individual incubation experiment 
Clutches consisting of 7–10 eggs were used in an egg positioning experiment. Each clutch 
was incubated in a single container at 26 °C for the first 9 weeks. After 9 weeks, each clutch 
was divided into a group of three or four eggs and all remaining eggs were separated into 
individual containers. Grouped eggs were moved into a new container of the same size and 
individuals were each moved into new, smaller containers (100 × 100 × 50 mm) to complete 
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the final two to 3 weeks of incubation. Containers of grouped and individual eggs were put 
back into 26 °C incubators to complete incubation.  
 
Heart rates: Asynchronous experiment 
Heart rates were taken on the four eggs that were incubated next to the more advanced eggs 
in the asynchronous groups and the not advanced eggs in the synchronous groups. All results 
relating to heart rates will be referring to those four eggs in both asynchronous and 
synchronous groups. Heart rates, recorded as beats per minute (bpm), of embryos from both 
asynchronous and synchronous groups were measured to determine 1) heart rate profile, 2) 
circadian rhythm, and 3) metabolic compensation. Heart rates were used to infer metabolic 
rate (Wallace and Jones, 2008; Du et al., 2009) of embryos and identify any difference 
between asynchronous and synchronous groups. One of the four eggs from each clutch was 
selected to measure heart rate over 24 h at 4 time intervals (5:00, 11:00, 17:00, and 23:00 h), 
once a week. Eggs were removed from the incubation container and immediately placed in a 
Buddy digital egg monitor system (Avian Biotech, England) in complete darkness. Buddy 
monitors provide a non-invasive method to sense and amplify cardiovascular signals of an 
embryo using variations of infrared radiation intensity that is absorbed and reflected by 
arterial vasculature (Lierz et al., 2006). Eggs were placed in monitors and three readings were 
taken when heart rates stabilized (within 2 min). Care was taken not to exceed this time due 
to the potential heating effect from the Buddy system (Sartori et al., 2015). The mean of three 
readings, taken at 30 s intervals, was calculated. Eggs were not disturbed during the recording 
period and any embryonic movement could be detected and distinguished from heart rate 
readings. Heart rates were measured weekly from week 4 to 9 (earliest and latest time heart 
rates could be detected by the monitors). 
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Pipping and post hatching measurements  
To determine the incubation period, all eggs in both experiments were inspected for signs of 
pipping (initial break of egg with caruncle) twice daily (Gutzke et al., 1984). The incubation 
period was measured as time in days from oviposition until pipping.  
 
Within 12 h of hatching, neonates were weighed, measured (carapace and plastron straight 
length and width), and performance tests were undertaken. The residual yolk sac that had not 
yet been drawn into the body through the umbilical fontanel at the time of hatching was 
measured and an estimate of the size was calculated using length, width, and height 
measurements (volume of an ellipsoid). Performance and coordination of hatchlings were 
assessed through righting times. All hatchlings were placed on their back (carapace) and the 
time taken to right themselves was measured and used as an index of neuromuscular 
development (Vleck et al., 1979, 1980; Peterson and Kruegl, 2005; Colbert et al., 2010). 
Righting times were recorded to the nearest second using a digital stopwatch and all tests 
were stopped at 300 s. Hatchling growth in the asynchronous experiment was measured every 
month for 4 months to assess short-term costs to individuals. 
 
Data analysis 
A general linear model (GLM) was used to analyze group vs. individual incubation periods in 
the egg positioning experiment. A GLM was also used to assess incubation periods in the 
asynchronous experiment to test whether asynchronous or synchronous group incubation 
regime affected incubation period and if the asynchronous group hatched synchronously, 
using egg mass as a covariate. We compared the incubation periods of eggs within each 
clutch in the asynchronous group and synchronous group to assess if there were differences in 
incubation periods within clutches and therefore if hatching synchrony occurred. Incubation 
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period of eggs in asynchronous groups were compared to the synchronous groups, to 
determine if asynchronous groups hatched earlier than expected. To confirm a difference in 
incubation period that would be expected from the initial asynchrony set-up, the incubation 
period of the two more advanced eggs in the asynchronous group were compared to the two 
not advanced eggs in the synchronous group. Heart rates of embryos were analyzed using 
GLM for every week to test whether the asynchronous treatment affected metabolic rate, with 
egg mass as a covariate. Circadian rhythms were determined through daily heart rate 
fluctuations, which were calculated as a difference from the mean diel rate (bpm) at each time 
point. Peaks were used to align circadian rhythms with time of day in either asynchronous or 
synchronous groups and analyzed using an ANOVA. Hatchling mass, morphology, and 
righting ability were individually analyzed using a GLM with egg mass as a covariate. A 
binomial test was used to assess propensity to right. All analyses were performed using SAS 
9.2 (SAS Institute Inc.).  
 
Results 
Heart rate 
Heart rate (bpm) of embryos from asynchronous and synchronous groups decreased from 
week 4 to 9 of incubation from 93 to 73 bpm (21.5 %; t4 = 6.42, p = 0.002) and 95 to 66 bpm 
(30.5 %; t4 = 6.8, p = 0.001), respectively (Fig. 2). Heart rates of asynchronous and 
synchronous embryos did not differ significantly throughout incubation with the exception of 
week 8 when synchronous group heart rates were 17.6 % higher than asynchronous embryos 
(F1,13 = 36.49, p = 0.0001; Fig. 2). From weeks 4 to 6, heart rate of all embryos remained 
relatively constant 89.5–92.1 bpm, after which a significant decline occurred in both 
asynchronous and synchronous groups. From week 7 to week 8, asynchronous embryos heart 
rates dropped by 13.2 bpm (15.6 %; F1,14 = 4.6, p = 0.0001) and synchronous embryos 
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dropped by 3.6 bpm (4 %) and continued to decline significantly by 19.8 bpm from weeks 8 
to 9 (22.9 %; F1,9 = 61.28, p = 0.00003) (Fig. 2) however, asynchronous embryos increased 
heart rate by 2.5 bpm in weeks 8–9 (3.4 %).  
 
 
 
 
Fig. 2: Mean (M) heart rates (bpm) of embryos in synchronous (dark grey) and asynchronous 
(light grey) groups: synchronous, M = 90 bpm; asynchronous, M = 84 bpm (week 8: F1,13 = 
36.49, p = 0.0001 a) ± SE, N = 70. a) significant difference in heart rates between 
asynchronous and synchronous groups, N is the total number of eggs used. 
 
 
Circadian rhythms in heart rates were present with a clear peak in heart rates throughout the 
day (Fig. 3). Individuals showed minimum and maximum heart rates over a 24 h period, but 
they were not correlated with the time of day in both asynchronous and synchronous groups. 
In general, heart rate of asynchronous groups did not vary greatly from the mean heart rate as 
did synchronous groups. There was no significant difference in the peak heart rates between 
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groups, suggesting that asynchronous groups did not exceed the potential for periods of 
higher peak daily rate, relative to synchronous groups. In the 6 h leading up to the maximum 
rate, there was a greater negative deviation, or period of daily ‘resting’, in the synchronous 
group (M = -4 bpm) than the asynchronous group (M = -0.5 bpm) (F1,10 = 4.96, p = 0.04) 
(Fig. 3). Heart rate deviation from the mean was also significantly different 12 h before the 
peak between synchronous groups (M = 0.3 bpm) and asynchronous groups (M = -1.6 bpm) 
(F1,10 = 4.96, p = 0.03), most evident in the diel heart rate profiles in week 5, 7, and 8. 
 
 
 
Fig. 3: The difference from mean heart rate of synchronous (dark grey) and asynchronous 
(light grey) groups over a 24 h period. Data from weeks 4 to 9 before hatching are combined, 
x-axis represents duration of time (h) away from the peak heart rate and y-axis represents the 
difference from the mean heart rate (bpm), ±SE, N = 70. a) significant difference in heart rate 
deviation 12 h prior to the peak heart rate between synchronous and asynchronous groups 
(F1,10 = 4.96, p = 0.03), b) significant difference in heart rate deviation 6 h prior to the peak 
heart rate between synchronous and asynchronous groups (F1,10 = 4.96, p = 0.04). 
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Incubation period 
Incubation period did not vary between clutch-mates in both asynchronous and synchronous 
groups. All eggs within a clutch in the asynchronous groups hatched within 1 d of each other 
(F1,43 = 0.11, p = 0.74) and all eggs within a clutch in the synchronous group hatched within 3 
d of each other (F1,43 = 0.80, p = 0.38). There was a significant difference in incubation 
periods between eggs in asynchronous and synchronous groups (4–7 d) (F1,43 = 4.00, p = 
0.05) and an 8 d difference in the incubation period of the two more advanced eggs from the 
asynchronous groups compared to the two not advanced eggs in the synchronous group (F1,43 
= 9.62, p = 0.003) (Fig. 4). In the egg position experiment, grouped embryos hatched up to 3 
d earlier than embryos that were incubated individually (F1,33 = 4.45, p = 0.04) (Fig. 5).  
 
 
 
Fig. 4: Mean incubation period (days) of eggs in synchronous and asynchronous groups, ± 
SE, N = 48. a) significant difference between more advanced eggs and not advanced eggs 
(F1,43 = 9.62, p = 0.003), b) significant difference of both synchronous and not advanced eggs 
compared with asynchronous eggs (F1,43 = 4.00, p = 0.05). 
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Fig. 5: Mean incubation period of eggs in groups (dark grey) and individuals (light grey) ± 
SE, N = 35, (F1,33 = 4.45, p = 0.04). 
 
 
Hatching and post hatching development 
A total of 27 asynchronous and 21 synchronous hatchlings representing all clutches were 
used to assess hatching and post hatching development. Yolk sac size differed significantly 
between neonates from asynchronous and synchronous groups at the time of hatching. 
Hatchlings from the asynchronous groups hatched with significantly smaller residual yolk 
sacs (30 ± 19 mm
3
) than those from synchronous groups (92 ± 21 mm
3
) (F1,43 = 4.45, p = 
0.04), but there was no difference in yolk sacs between neonates within clutches in the 
asynchronous group (F1,26 = 0.01, p = 0.92) and synchronous group (F1,20 = 0.81, p = 0.38) 
(Fig. 6). There was no difference in hatchling mass (F1,43 = 0.47, p = 0.5) and carapace length 
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(F1,43= 0.83, p = 0.36) between neonates from asynchronous and synchronous groups at the 
time of hatching and at 4 months; mass (F1,15 = 0.87, p = 0.37) and carapace length (F1,15 = 
0.10, p = 0.76).  
 
 
 
 
Fig. 6: Mean yolk sac size (mm
3
) of synchronous (dark grey) and asynchronous (light grey) 
hatchlings, ± SE, N = 48. a) significant difference between asynchronous and synchronous 
groups (F1,43 = 4.45, p = 0.04). 
 
 
Performance (as assessed by righting times) was not affected by incubation treatment. There 
was no significant difference in performance (total time to right) of neonates from 
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after 4 months of growth (F1,41= 0.00, p = 0.96). There was also no significant difference in 
righting times between hatchlings from asynchronous groups and all other hatchlings from 
the experiment. Propensity to right was assessed and there was no significant difference 
between all groups at the time of hatching (F3,44 = 1.51, p = 0.23) and at 4 months of age 
(F3,44 = 0.24, p = 0.87). No phenotypic differences occurred between grouped embryos and 
individual embryos in the egg positioning experiment. 
 
Discussion  
In a natural nest, eggs of C. longicollis take 110–150 d to hatch and emerge (Parmenter, 
1985), but they incubate for 62–79 d at a constant temperature of 30 °C and 75–94 d at a 
constant temperature of 26 °C in the laboratory (J. K. McGlashan, unpublished data). Much 
of this variation in incubation periods may relate primarily to complex interactions between 
siblings within individual nests. Here we show that eggs of C. longicollis hatch 
synchronously and embryos are able to metabolically compensate and catch up to more 
advanced clutch-mates by remarkably reducing incubation periods by up to 7 d (Fig. 4). 
Group environment also influences hatching times, with eggs incubated in groups hatching 
up to 3 d earlier than eggs incubated in isolation (Fig. 5).  
 
Hatching synchrony in reptiles can occur either by delaying hatching (eg. C. insculpta (Webb 
et al., 1986; Doody et al., 2001)), hatching prematurely (eg. C. picta (Colbert et al., 2010)) or 
through metabolic compensation (eg. Eastern three-lined skink (Bassiana duperreyi) (Du et 
al., 2010a) and embryonic E. macquarii (McGlashan et al., 2012)). Neonatal C. longicollis 
show a level of developmental plasticity that allows them to hatch synchronously, but we 
found no significant evidence of metabolic compensation in mean daily heart rate throughout 
the 9 weeks of incubation, similar to Spencer (2012). Metabolic compensation in C. 
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longicollis may be stimulated by communication through diel adjustments of heart rate. 
Circadian rhythms are present in developing C. longicollis embryos, as they are in embryonic 
E. macquarii (Loudon et al., 2013), despite no environmental influences such as daylight. 
Heart rates are elevated or ‘peak’ during the day, indicating periods of high developmental 
activity and drop, indicating periods of low developmental activity or ‘resting’. These 
rhythms are not synchronized to the time of day among eggs of C. longicollis, and there is no 
indication of synchrony between individuals when compared from week to week. The mean 
weekly heart rate can be used as an indicator for metabolic rate of embryos, and deviations 
from the mean rate throughout the day may indicate positive or negative compensatory 
changes in embryo metabolism. Asynchronous groups showed less overall deviation from the 
mean heart rate in relation to synchronous groups and instead remained relatively constant 
throughout incubation (Fig. 3). In daily periods of ‘rest’ where heart rate drops, asynchronous 
embryos showed less negative deviation, compared to synchronous groups where the drop in 
heart rate was up to 5 bpm (t10 = 2.99, p = 0.006). Maintaining a constant heart rate in these 
periods of resting throughout incubation is indicative of metabolic compensation. Changes in 
relative heart rate are more subtle in asynchronous embryos, as they remain at a constant 
higher rate compared to synchronous groups, this is necessary to metabolically compensate, 
hence ‘catch up’ to more advanced embryos and facilitate synchronous hatching.  
 
Embryonic oxygen consumption and heart rate increase in a sigmoidal pattern (having an ‘S’ 
shape) throughout development in many turtles, until they reach a peak several days before 
hatching and then decrease steadily (Thompson, 1989; Booth, 2000; Booth and Astill, 2001; 
Du et al., 2010b; McGlashan et al., 2012). In many precocial animals, this decline following 
the peak is thought of as a ‘resting stage’. The resting stage is one where tissue growth is 
essentially complete and the sensory, neuromuscular, and thermoregulatory systems mature. 
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Referred to as secondary development, it is an important stage for species with little to no 
parental care post hatching (Vleck et al., 1979; Peterson and Kruegl, 2005). The heart rate of 
embryos of C. longicollis remains stable from weeks 4 to 7, a pattern that is seen in semi-
precocial birds (Cain et al., 1967; Tazawa et al., 1991a,b; Tazawa, 2005). In week 8 
(asynchronous) and week 9 (synchronous), heart rate declines significantly (Fig. 2), 
indicating a potential resting stage. This marked fall in metabolic rate has also been shown in 
embryos of C. insculpta (Webb et al., 1986), E. macquarii, and the American alligator 
(Alligator mississipiensis), 80–90% of the way through incubation (Thompson, 1989). The 
embryos of the more advanced eggs from the asynchronous group were 8 d more advanced 
than the embryos of the not advanced eggs of the synchronous groups. The significant decline 
in heart rate by the asynchronous embryos is potentially a result of embryos responding to the 
developmental rates of more advanced eggs in the clutch and therefore beginning their resting 
stage, in this case, a week earlier than expected, relative to synchronous groups. Both 
asynchronous and synchronous groups began their resting stage 80–85% of the way through 
incubation. The asynchronous group, as a result of being incubated with more advanced eggs, 
shifted their resting stage to coincide with the more advanced eggs, ensuring enough time to 
complete secondary development with no developmental consequences. Embryos of the 
asynchronous group hatched up to 7 d earlier than the synchronous group, assumed to be at 
the same stage, thus hatching synchronously with clutch-mates.  
 
The cost of metabolic compensation during development may relate to increased yolk reserve 
utilization. Certain incubation conditions that demand increased developmental rates or 
metabolic compensation during development often results in greater utilization of yolk 
reserves (Bhan et al., 2002; Radder et al., 2002, 2004; Van Dyke et al., 2011). Residual yolk 
at hatching is a result of left-over yolk from incubation but is used for post hatching energy 
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supply and growth (Tucker et al., 1998; Radder et al., 2004; Van Dyke et al., 2011). Evidence 
of metabolic compensation is apparent in diel heart rates of embryos (Fig. 3) and is also 
supported by asynchronous group hatchlings having significantly smaller residual yolk 
volumes than synchronous groups (Fig. 6). Yolk sac sizes within the asynchronous group and 
the synchronous group are not significantly different between hatchlings so asynchronous 
embryos utilized the same amount of yolk during the period of increased demand as the more 
advanced eggs did at the beginning of incubation when asynchrony was established (Fig. 1). 
E. macquarii embryos catabolize yolk reserves to increase metabolism during incubation, 
resulting in smaller residual yolk sacs at hatching and no difference in hatchling size 
(McGlashan et al., 2012). Chelodina longicollis hatchlings that hatch with smaller yolk sacs 
are not phenotypically disadvantaged in regards to size and performance at the time of 
hatching and up to 4 months post hatching, indicating that development is completed.  
 
Nests are versatile environments for developing embryos. Until recently, it was believed that 
the microenvironment of a nest, such as temperature and humidity, was the primary factor 
that determined how reptiles and embryos grow and develop, but it is apparent that reptilian 
embryogenesis is far more complex than previously assumed. The mechanisms of ECH in 
turtles are still poorly understood, and although temperature and nest ecology can impact on 
incubation length and development of ectothermic embryos, there is evidence of plasticity in 
development (West-Eberhard, 1989, 2003; Deeming and Ferguson, 1991; Packard and 
Packard, 2000; Johnston and Temple, 2002; Price et al., 2003; Doody, 2011). It is not known 
how C. longicollis and E. macquarii accelerate development, but heart rates are not fixed and 
environmental conditions merely determine the limits of heart rate and thus developmental 
rate (McGlashan et al., 2012; Loudon et al., 2013). Synchronous hatching has evolved in 
many aquatic turtles with many abiotic and biotic factors serving as the cues (Webb et al., 
  
53 
 
1986; Thompson, 1989; Lindeman, 1991; Packard et al., 1997; Doody et al., 2001; Spencer et 
al., 2001; Packard and Packard, 2004; Tucker et al., 2008; Colbert et al., 2010; Spencer and 
Janzen, 2011). Synchronous hatching is not a passive action, it is driven by embryo–embryo 
communication in the nest. It is not clear how embryos are communicating, but it is apparent 
that the final 2 weeks of incubation are important for signaling and responding to cues in the 
nest as evident in both the asynchronous and egg position experiment. Egg positioning in the 
nest potentially facilitates communication between embryos, and this may be due to auditory 
cues from embryos or vibrations from heart beats during development.  
 
Thermal and phenotypic plasticity of embryos, communication between embryos within the 
nest, and most recently, embryonic circadian rhythms have all been discovered in recent 
years (McGlashan et al., 2012; Loudon et al., 2013). The mechanism and evolutionary 
purpose that stimulates and enables early/premature synchronous hatching could vary among 
species of turtles, but it is evident that cues that occur within a nest are capable of altering a 
very important stage in the life history of these animals to allow synchronous hatching, 
thereby maximizing the chance of survival for the individual. 
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Abstract 
Environmentally cued hatching allows embryos to alter time of hatching in relation to 
environment through phenotypic plasticity. Variable temperatures within shallow nests of 
many freshwater turtles cause asynchronous development of embryos within clutches, yet 
neonates still synchronously hatch. Metabolic compensation and changes in circadian 
rhythms enable embryos to adjust their developmental rates and catch-up to more-advanced 
eggs in the nest. Chrysemys picta is a North American freshwater turtle and many 
populations overwinter within the natal nest, to emerge the following spring. Synchronous 
hatching is thought to occur when cooler, underdeveloped embryos accelerate their 
development to hatch early which may ensure an optimal overwintering position in the nest. 
We investigated metabolic rates, through oxygen consumption and heart rate profiles, of 
clutches of C. picta developing in asynchronous conditions to determine if any compensatory 
changes during incubation occur. Embryos hatched synchronously and displayed circadian 
rhythms throughout incubation, but exhibited no evidence of metabolic compensation. 
Phenotypic traits, including size and righting performance, of hatchlings were not affected. 
Thus C. picta appear to hatch synchronously regardless of differences in developmental rate 
that accompany it. The proximate and ultimate mechanisms that drive synchronous hatching 
in freshwater turtles vary, probably as a result of differing selective pressures on different 
species.  
 
Key words: Egg, embryo, embryonic development, circadian rhythms, environmentally cued 
hatching, turtle, incubation, metabolic compensation, nest environment, synchronous 
hatching, overwintering, evolution 
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Introduction 
Timing of hatching can affect survival of offspring both immediately (risk of predation) and 
in the future (resource availability, size and performance of individual) (Tucker et al., 2008; 
Colbert et al., 2010; Spencer and Janzen, 2011). Embryos have the ability to alter time of 
hatching in relation to environmental cues via environmentally cued hatching (ECH) 
(Packard and Packard, 2000; Doody, 2011; Spencer and Janzen, 2011). There are three forms 
of ECH; early, synchronous, and delayed hatching (Doody, 2011; Spencer and Janzen, 2011). 
Early hatching can be triggered through disturbances within the nest, usually from predatory 
attacks (Sih and Moore, 1993; Warkentin, 1995; Warkentin, 2000). Synchronous hatching 
occurs despite environmentally induced developmental differences of embryos (Thompson, 
1989; Spencer et al., 2001; Colbert et al., 2010), and delayed hatching is when embryos wait 
until more favourable conditions are available (Doody, 2011; Spencer and Janzen, 2011). 
These behaviours are not mutually exclusive and some species show multiple forms of ECH 
(Warkentin and Calswell, 2009; Doody, 2011). 
 
In shallow nests of many freshwater turtles, a natural thermal gradient exists due to diel and 
seasonal changes in ambient temperatures (Thompson, 1988; Thompson et al., 1996; 
Thompson, 1997; Shine and Elphick, 2001). Eggs at the top of a nest generally experience 
warmer incubation temperatures than eggs at the bottom, with differences up to 6 °C 
(Thompson, 1988, 1997), and have the potential to cause embryos to develop asynchronously 
within a nest. Despite the variation in developmental rate among embryos, many species 
nonetheless hatch synchronously (Thompson, 1989; Spencer et al., 2001; Colbert et al., 2010; 
McGlashan et al., 2012).  
 
Predator avoidance likely drives the evolution of synchronous hatching in turtles. 
Synchronous hatching allows all hatchlings to dig out of the nest together, thus increasing 
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their chance of survival by swamping predators or reducing their exposure (Sih and Moore, 
1993; Warkentin, 1995; Warkentin, 2000; Bradbury et al., 2004; Tucker et al., 2008). 
Embryos can hatch early and synchronously in response to predatory attacks on nests 
(Warkentin, 1995; Warkentin, 2000) or when risk of predation is reduced, due to the time of 
day (Bradbury et al., 2004). Environmental pressures can also stimulate synchronous 
hatching, as in the pig-nosed turtle (Carettochelys insculpta), which delays hatching until an 
environmental trigger (hypoxia) stimulates synchronised hatching (Webb et al., 1986; Doody 
et al., 2001; Doody et al., 2012). The painted turtle (Chrysemys picta) hatches synchronously 
through early hatching, which is thought to be an overwintering strategy to gain an optimal 
position in the nest to increase their chance of survival until they emerge in the following 
spring (Colbert et al., 2010). In contrast, the Australian Murray River short-neck turtle 
(Emydura macquarii) and the eastern long-necked turtle (Chelodina longicollis) both hatch 
synchronously as a predator avoidance strategy (Tucker et al., 2008), through metabolic 
compensation, which is evident in increasing oxygen consumption rates (  O2) and heart rate 
patterns during development (McGlashan et al., 2012; McGlashan et al., 2015). Circadian 
rhythms in heart rate are evident in both species, and embryos might cue into the heart rate 
rhythm of their clutch-mates to communicate developmental stage, and thus respond to 
differences by metabolically compensating (Loudon et al., 2013; McGlashan et al., 2015). In 
E. macquarii and C. longicollis metabolic compensation ensures completion of development 
in embryos developing in the cooler parts of the nest, which is essential to survival, as any 
reduction in developmental time can have adverse effects on the growth and performance of 
the hatchling (Vince and Chinn, 1971; Janzen, 1993; Warkentin, 1995). It is unknown 
whether C. picta also utilises metabolic compensation in order to hatch early. 
For C. picta, winter is a critical time for hatchling survival, as nest temperatures can drop 
below -10 °C (Packard and Packard, 2004). Ensuring an optimal overwintering position in the 
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nest, where conditions are ideal for reducing the amount of energy expended or the chance of 
mortality from freezing, would be a significant benefit of hatching synchrony (Colbert et al., 
2010; Spencer and Janzen, 2014). Early hatching C. picta exhibit reduced performance, 
which continues for up to 9 months post hatching (Colbert et al., 2010). Reduced hatchling 
performance suggests that embryos are missing an important stage of development, which 
may be vital for precocial species (Vleck et al., 1979; Peterson and Kruegl, 2005). Precocial 
species have a metabolic profile where there is an evident decline in metabolic rate several 
days before hatching (Thompson, 1989; Booth, 2000; Booth and Astill, 2001; Du et al., 
2010b; McGlashan et al., 2012). This period is considered a ‘resting stage’ where tissue 
growth is essentially complete, sensory, neuromuscular, and thermoregulatory systems 
mature, and any necessary acclimation can occur with minimal metabolic cost.  
 
Metabolic compensation enables embryos to complete development which prevents them 
from being disadvantaged developmentally (McGlashan et al., 2012). Metabolic 
compensation can be costly in terms of yolk reserves that are necessary for post hatching 
growth and development (Radder et al., 2002; Radder et al., 2004; McGlashan et al., 2012). 
Because neonates of C. picta typically remain in the nest over winter, we would not expect 
metabolic compensation, as utilising yolk reserves prior to hatching could be detrimental to 
their survival in the nest (Willette et al., 2005). The aim of this study was to test the 
hypothesis that synchronous hatching occurs in C. picta by hatching early and not through 
metabolic compensation. We investigated metabolic rate by measuring (  O2) and heart rate 
profiles to detect variation of embryos incubated in controlled conditions of synchronous and 
asynchronous incubation.  
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Method 
Egg collection and incubation 
Eggs of C. picta were collected from freshly built nests at the Thomson Causeway Recreation 
Area, Thomson, IL, USA from the 4
th
-7
th
 June 2012. Eggs were excavated from nest within 5 
h of oviposition and were placed in plastic containers with moist soil. A total of 10 clutches 
of nine eggs each were collected within two days, and were returned to the laboratory at Iowa 
State University. All eggs were uniquely marked using a HB pencil, weighed and were placed 
in clear plastic incubator containers (200 x 100 x 50 mm), half buried in a 1:1 mixture of 
vermiculite and deionised water (Spencer et al., 2001; Colbert et al., 2010). To account for 
evaporation and maintain water potential of vermiculite, containers were weighed and 
rehydrated weekly. To counteract potential thermal gradients, containers were also rotated 
weekly within incubators (Janzen, 1993). 
 
Incubation method 
Treatment and control groups containing five individual clutches in each were established. 
The treatment (asynchronous) group and the control (synchronous) group were set up using 
protocols similar to Spencer et al. (2001) and Colbert et al. (2010). To establish asynchrony 
within the five asynchronous clutches, three of the nine eggs from each clutch were randomly 
selected to be incubated at 30 °C (asynchronous-more advanced eggs) and the remaining six 
eggs (asynchronous-target eggs) were incubated at 26 °C for the first 7 d of incubation. After 
7 d, the asynchronous-target eggs were reunited with the three asynchronous-more advanced 
eggs at 30 °C. The asynchronous-more advanced eggs were positioned between the 
asynchronous-target eggs incubated at 26 °C, within 10 mm of each other (Fig. 1). Containers 
were then incubated at 28 °C until they hatched. The remaining five clutches in the 
synchronous group were set up using the same procedure, with the three synchronous-not 
advanced eggs being incubated at 26 °C for the 7 d period. The remaining six eggs 
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(synchronous- target eggs) were also incubated at 26 °C so that all nine eggs were still at the 
same developmental stage and were therefore already synchronised by incubation 
temperature when reunited (Spencer et al., 2001). After eggs were reunited into containers, 
containers were incubated at 28 °C until they hatched. Each clutch was incubated in a 
separate container throughout the experiment. Heart rates and   O2 of target embryos from 
asynchronous and synchronous groups were monitored weekly and containers were opened 
every 2-3 days to allow fresh air exchange throughout the incubation period until the 
commencement of pipping/hatching. 
 
 
 
 
Fig. 1: Eggs from each clutch were divided and incubated separately for 7 d, then returned to 
the same containers to continue incubation at 28 °C. Asynchronous group: three more-
advanced eggs (black) were incubated at 30°C and six eggs (white) were incubated at 26 °C 
for 7 d. Synchronous group- three not advanced eggs (black) were incubated at 26 °C and six 
eggs (white) were incubated at 26 °C for 7 d. All eggs were then placed in 28 °C incubators 
until the completion of incubation. 
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Oxygen consumption 
Oxygen consumption was measured from week 4 to 8 of an eight week incubation period. 
One target egg from each clutch (5 asynchronous and 5 synchronous), incubating next to 
either an asynchronous-more advanced egg or a synchronous-not advanced egg, was selected 
for O2 analysis each week.   O2 of each egg was measured twice within a 24 h period and the 
average of both analyses was used. Oxygen (%) was measured in a closed system using an S-
3A oxygen analyser (AEI Technologies, USA). The analyser was first calibrated (20.94 % 
O2) using 50 cc of atmospheric air injected using a syringe and syringe pump. Unknown 
samples were also collected and analysed through the same method (Vleck, 1987). Airtight 
chambers were constructed from 500 mL metal paint cans and sealed with lids that were 
fitted with a 2-way stopcock. Eggs were placed on moist cotton wool, to keep them from 
desiccating, in the opened chamber and allowed to come to thermal equilibrium in the 28 °C 
incubator approximately 5 min prior to sealing. The lid was sealed and an initial (FI) air 
sample was taken from the outflow port with a syringe fitted with a stopcock. The chamber 
pressure was allowed to equilibrate then the outflow port was sealed and containers were 
carefully placed in the incubator at 28 °C. A final (FE) sample was taken at the conclusion 
before the egg was then placed back into its original incubator container with its clutch-
mates. To measure   O2, eggs remained in the air-tight chambers for a period between 1 and 5 
h, depending on the stage of incubation. A negative control was in place to account for any 
leakage or spontaneous change in O2 not caused by the egg. Temperature and air pressure 
were recorded at the beginning of the experiment to determine standard temperature pressure 
volume of each can. FI and FE samples were then put through the O2 analyser, via two 3 mL 
syringe barrels, one with silica gel and the other with a combination of ascarite and soda lime 
to remove CO2 and moisture. Fractional O2 concentrations of FI and FE samples were 
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analysed and   O2 was calculated from the equation        
    –    
     –    
 (Vleck et al., 1979; 
Vleck, 1987). 
 
Heart rate measurements 
Heart rates (bpm) were measured from weeks 3 to 8 of incubation to determine 1) heart rate 
profile, 2) circadian rhythm, and 3) metabolic compensation. Heart rates were used to infer 
metabolic rate (Wallace and Jones, 2008; Du et al., 2009) of embryos and identify any 
difference between asynchronous and synchronous groups. One target egg from each clutch 
was removed from its incubator container and immediately placed in a Buddy digital egg 
monitor system (Avian Biotech, England) in complete darkness. Three readings were taken 
once heart rates stabilised (within 2 min) (McGlashan et al., 2015; Sartori et al., 2015). The 
mean of three readings, taken at 30 s intervals, was calculated. Eggs were not disturbed 
during the recording period and any embryonic movement could be detected and 
distinguished from heart rate readings, in which case we would wait for movement to cease 
and heart rate to stabilise before recording again (McGlashan et al., 2015). The heart rate of 
each egg was taken at four time intervals over a 24 h period (0500 h, 1100 h, 1700 h and 
2300 h) once a week and an average daily heart rate was calculated for weekly profile. Each 
week a different egg was used to record heart rate. 
 
Pipping and post hatching measurements  
To determine incubation period, eggs were inspected for signs of pipping (initial break of egg 
with caruncle) twice daily (Gutzke et al., 1984). The incubation period was measured as time 
in days from oviposition until pipping, and was used to demonstrate that the “target” eggs 
hatched at the same time as the asynchronous-more advanced eggs. Neonates were allowed to 
hatch unassisted, after which they were weighed (g), straight carapace length and width and 
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straight plastron length and width were measured and performance tests (righting ability) 
were undertaken within 12 h of hatching. Performance and coordination of hatchlings was 
assessed through righting times. All hatchlings were placed on their back (carapace) and the 
time taken to right themselves was measured as well as latency to begin moving and total 
active righting time, with all tests terminated after 180s. Measurements were used as an index 
of neuromuscular development (Vleck et al., 1979; Vleck et al., 1980; Peterson and Kruegl, 
2005; Colbert et al., 2010). 
 
Data analysis 
Incubation period was analysed using a mixed linear model analysis in SAS (PROC MIXED; 
SAS, version 9.3, SAS Institute, Cary, NC). Embryonic   O2 and heart rate were compared 
among weeks and among asynchronous and synchronous groups using a mixed linear model 
analysis (PROC MIXED). Egg mass (g) and week of incubation were included in the model 
as covariates. Circadian rhythms were determined through daily heart rate fluctuations, which 
were calculated as a difference from the mean diel rate (bpm) at each time point. Peaks were 
aligned with time of day in both asynchronous and synchronous groups to determine 
circadian rhythms. Differences from the mean diel rate were analysed between asynchronous 
and synchronous groups each week and at each time point using a mixed linear model 
analysis (PROC MIXED) with egg mass as a covariate. The difference between each time 
point (i.e. -6 h to peak), within treatment groups were analysed using an ANOVA; Single 
factor.  
 
Phenotypic differences in carapace length and width, plastron length and width and hatchling 
mass were compared among asynchronous and synchronous groups using a multivariate 
analysis of variance (MANCOVA) with egg mass as a covariate in SAS (PROC GLM). 
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Hatchling righting ability was individually analysed using a mixed linear model analysis 
(PROC MIXED) with hatchling mass as a covariate. A binomial test was used to assess 
propensity of hatchlings to right themselvesin SAS (PROC GLIMMIX). If treatment effects 
were found to be significant, then post-hoc Tukey tests were used to determine where 
pairwise differences occurred. All   O2, heart rate, and growth data analysed with PROC 
MIXED were log-transformed before analysis to ensure linearity in the models. Examination 
of residuals ensured that all assumptions of univariate parametric statistics were met. In the 
multivariate analysis, the assumption of multivariate normality could not be directly tested 
due to sample size limitations. Thus, Pillai’s Trace was used as a test statistic because it is 
robust to violations of multivariate normality (Scheiner, 2001). Statistical significance was 
determined at the 0.05 Type I error level, and data are presented as the mean ± SE.   
 
Results  
Incubation period 
Of the 89 eggs, 11 failed to hatch (2 asynchronous-target eggs-, 4 synchronous-focus eggs, 3 
asynchronous-more advanced eggs and 2 synchronous-not advanced eggs). Hatching 
synchrony occurred within clutches in both asynchronous (treatment) (t73 = 1.84, p = 0.2641) 
and synchronous groups (control) (t73 = 0.04, p = 1), with incubation period averaging 53 ± 
0.29 and 54 ± 0.3 days respectively (Fig. 2). The incubation period of eggs in the 
asynchronous or synchronous clutches was significantly affected by treatment group (F3,73 = 
4.3, p = 0.0076). Further pairwise comparisons showed that asynchrony was established, as 
the incubation period of asynchronous-more advanced and synchronous-not advanced eggs 
differed by 2 d (t73 =2.84, p = 0.0293). Asynchronous-more advanced eggs also hatched 
significantly earlier than the synchronous-target eggs and the synchronous-not advanced eggs 
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within clutches (t73 = 3.25, p = 0.0091), but there was no significant difference in incubation 
period of asynchronous-target eggs and synchronous-target eggs (t73 = 1.9, p = 0.2361).  
 
 
 
 
Fig. 2: Mean incubation period of eggs in asynchronous and synchronous groups, ± SE, N = 
78. Letters indicate significant pairwise differences among weeks in both asynchronous and 
synchronous groups, identical letters indicate no difference. 
 
 
Oxygen consumption 
Treatment and control groups did not differ in   O2 at any time point over the course of 
incubation (F1,30 = 0.01, p = 0.9149; Fig. 3), but there was a time effect (F4,30 = 3.33, p = 
0.0226).   O2 increased with egg mass (F1,30 = 15.78, p = 0.0004), and there was an 
interaction effect between egg mass and time (F4,30 = 0.27, p = 0.432) but no interaction of 
treatment and egg mass (F1,30 = 0.12. p = 0.7289), treatment and time (F4,30 = 0.27 p = 
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0.8969), or egg mass, treatment and time (F4,30 = 0.28, p = 0.886).   O2 of asynchronous-
target eggs peaked at 0.48 mL/h in week 6 of incubation and declined to 0.16 mL/h prior to 
hatching in week 8. Synchronous-target eggs peaked at 0.45 mL/h in week 5 then gradually 
declined to 0.17 mL/h in week 8.   O2 increased from week 4-5 within each group (t30 = -5.15, 
p < 0.0001) and declined from week 7 to 8 of incubation (t30 = 6.77, p < 0.0001). 
 
 
 
 
Fig. 3: LSMeans of oxygen consumption (mL/h) of embryos in asynchronous (dark grey) and 
synchronous (light grey) groups from week 4 to 8 of incubation, ± SE, n = 10, N = 50. Letters 
indicate significant pairwise differences among weeks in both asynchronous and synchronous 
groups. 
 
 
Heart rate 
Heart rates also did not differ significantly between asynchronous-target eggs and 
synchronous-target eggs at any time point during the incubation period (F1,36 = 1.19, p = 
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0.2819; Fig. 4) and were further unaffected by egg mass and by interactions of treatment and 
egg mass. Heart rates did vary among weeks of incubation (F5,36 = 5.55, p = 0.0007), 
gradually decreasing from 96 to 60 in asynchronous groups, and 100 to 67 bpm in 
synchronous groups from week 3 to 8 of incubation. There was no interaction effect of egg 
mass and time, treatment and time, nor egg mass, treatment and time. Heart rate in both 
treatment groups declined significantly from week 6 to 7 (t47 = 3.71, p = 0.0069) and week 7 
to 8 (t47 = 3.60, p = 0.0094) of incubation. 
 
 
 
 
Fig. 4: LSMeans of heart rate (bpm) of embryos in asynchronous (dark grey) and 
synchronous (light grey) groups from week 3 to 8 of incubation, ± SE, n = 10, N = 60. Letters 
indicate significant pairwise differences among weeks in both asynchronous and synchronous 
groups. 
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F1,14 = 20.41, p = 0.0005; Fig. 5) and synchronous-target eggs (-6 h to peak- F1,14 = 5.59, p = 
0.03; peak to 6 h- F1,14 = 24.69, p = 0.0002). Individuals showed minimum and maximum 
heart rates over a 24 h period that varied up to 6 bpm, but they were not correlated with the 
time of day in both asynchronous and synchronous groups. There was no significant 
difference between asynchronous and synchronous groups at each time point; -6 h (F1,30 = 
0.22, p = 0.64), peak (F1,30 = 0.00, p = 0.99), 6 h (F1,30 = 1.39, p = 0.25) nor 12 h (F1,30 = 0.01, 
p = 0.94). There was a modest week effect (F4,30 = 2.8, p = 0.044) and egg mass by week 
interaction effect (F4,30 = 3.38, p = 0.021) during the peak time point but further pairwise tests 
revealed no significant differences between weeks. No other main effects or interaction 
effects were significant at any time point. 
 
 
 
 
Fig. 5: The difference from mean heart rate of asynchronous (dark grey) and synchronous 
(light grey) groups over a 24 h period across weeks 3 to 8 of incubation. The x-axis 
represents duration of time (h) away from the peak heart rate and the y-axis represents the 
difference from the mean heart rate (bpm), ± SE, N = 62. Letters indicate significant pairwise 
differences among 6 h time periods in both asynchronous and synchronous groups. 
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Post hatching measurements 
Multivariate analysis of all measureable phenotypes (carapace length and width, plastron 
length and width and mass) post hatching revealed that hatching size was not affected by the 
interaction between treatment and egg mass (Pillai = 0.2142, F15,174 = 0.89 p = 0.5742). 
Treatment alone also did not have an effect on size of hatchlings (Pillai = 0.165, F10,114 = 1.03 
p = 0.4265), with egg mass alone explaining the majority of variation in body size (Pillai = 
0.647, F5,56 = 20.54 p < 0.0001). The average measurements for carapace length in 
asynchronous groups was 25.6 ± 0.37 mm and synchronous group was 25.57 ± 0.39 mm. 
Plastron length in asynchronous groups was 24.69 ± 0.42 mm and synchronous groups was 
24.76 and hatchling mass was 4.96 ± 0.31 g and 4.99 ± 0.2 g respectively. 
 
Performance and neuromuscular development, as assessed by righting ability, was not 
affected by treatment group. There was no significant difference between any of the treatment 
groups in ability to right successfully (F2,65 = 1.3, p = 0.2783). Latency to right, total time to 
right and active righting time were also not affected by treatment group. 
 
Discussion 
Chrysemys picta neonates hatched synchronously within both asynchronous and synchronous 
clutches, with no indication of metabolic compensation. Asynchronous-target eggs hatched 
within 1 day of the asynchronous-more advanced eggs with which they were incubated, 
similar to the synchronous group, where synchrony was expected. The incubation period of 
asynchronous-more advanced eggs was significantly different from the synchronous-not 
advanced eggs, indicating that the asynchronous setup (Fig. 1) was enough to result in a 
substantial difference in incubation period, similar to that detected in prior work (Colbert et 
al., 2010).  
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There was no evidence of metabolic compensation in heart rate and   O2 of developing target 
eggs in both asynchronous and synchronous clutches as they were similar to each other at 
each time point of incubation.   O2 peaked in weeks 5 and 6 and declined in the final 2 weeks, 
as expected (Thompson, 1989; Booth et al., 2000; Booth and Astill, 2001; Du et al., 2010a; 
McGlashan et al., 2012). Heart rates were also similar between target eggs in both 
asynchronous and synchronous clutches, gradually decreasing from week 3 to 8 of 
incubation, a pattern seen in semi-precocial birds (Cain et al., 1967; Tazawa et al., 1991a; 
Tazawa et al., 1991b; Tazawa, 2005) and the snapping turtle (Chelydra serpentina) (Birchard 
and Reiber, 1996). The observed fall in metabolic rate prior to hatching, known as the resting 
period, in both heart rate and   O2 has also been detected in embryos of C. longicollis 
(McGlashan et al., 2015), C. insculpta (Webb et al., 1986), E. macquarii (Thompson, 1989; 
McGlashan et al., 2012), and the American alligator (Alligator mississipiensis) (Thompson, 
1989), 80-90% of the way through incubation. The resting period is when acclimation occurs 
and metabolic costs for growth are not usually as high and the effect of temperature is not as 
great as it is during early development (Birchard and Reiber, 1995; Birchard and Reiber, 
1996). Hence, if metabolic compensation was to occur, it would be expected during this fall 
in metabolic rate, as seen in E. macquarii (McGlashan et al., 2012). Synchronous hatching 
with no evidence of metabolic compensation suggests embryos are hatching early with the 
more-advanced eggs in the clutch and possibly missing out on an important stage of 
development.  
 
Circadian rhythms were present in developing C. picta embryos despite an absence of 
environmental cues, such as daylight. Heart rates were elevated and reached a ‘peak’ during 
the day, indicating high developmental activity, and then dropped, suggesting low 
developmental activity or daily ‘resting’. These rhythms are not synchronised to the time of 
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day among eggs and there is no indication of synchrony within clutches when compared from 
week to week, similar to C. longicollis and E. macquarii (McGlashan et al., 2012; Loudon et 
al., 2013). The mean weekly heart rate can reflect metabolic rate of embryos, and deviations 
from the mean rate throughout the day may suggest positive or negative compensatory 
changes in embryonic metabolism. Asynchronous groups did not exceed the potential for 
periods of higher peak daily rate or reduced resting periods relative to synchronous groups. 
There was no difference in any deviation from the mean between asynchronous and 
synchronous groups at each time point indicating that there was no metabolic compensation 
within diel heart rate fluctuations.  
 
Hatchlings were not obviously disadvantaged in terms of growth and development. The lack 
of a difference in size or mass of hatchlings, and their ability to right themselves, indicated 
that hatching early does not substantially affect development. Although previous studies 
found that neonates are affected by synchronous hatching, it is likely that a difference in the 
length of time used to establish asynchrony might be the cause. Colbert et al. (2010) kept 
more advanced embryos at a warmer temperature for a period of 11 d. Neonates were most 
likely too under-developed and, when stimulated to hatch synchronously by more advanced 
clutch-mates, were ultimately disadvantaged in performance.  
 
In terms of biological significance, eggs at the top of the nest experience greater temperature 
fluctuations throughout the day and are warmer for more than 75% of the day compared to 
eggs at the bottom (Thompson, 1988, Thompson et al., 1996, Thompson, 1997, Shine and 
Elphick, 2001). Nest temperatures are also influenced by air temperature fluctuations, 
substrate thermal conductance, and maternal effects, such as nest-site selection (Thompson, 
1988). Each of these factors will determine the extent to which temperature differences 
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within a nest might cause differences in embryonic metabolisms and growth rates. It is 
possible that natural conditions in the nest could stimulate a greater difference between 
clutch-mates than elicited experimentally, and thus result in neonates with poor performance. 
Further studies are needed to determine the upper limit of synchronous hatching in natural 
conditions. The final 10 % of incubation is when hatching synchrony can take place once 
hatching competence is achieved. The asynchronous set up in this study was 12 % of the total 
incubation period, but in Colbert et al. (2010) the incubation set up was proportionally 20 % 
of the total incubation period. Nevertheless, both this study and Colbert et al. (2010) 
demonstrated that synchronous hatching occurs in C. picta regardless of developmental 
differences at the beginning of incubation and the potential costs that may come as a result of 
hatching early. If the difference in development is small, then synchrony will not incur 
performance costs.  
 
Although temperature is the major determinant for embryonic development in ectotherms 
(Deeming and Ferguson, 1991; Booth, 1998; Monaghan, 2008), hatching time is nonetheless 
plastic (Packard and Packard, 2000; Doody, 2011; Spencer and Janzen, 2011). Environmental 
cues within the nest may trigger hatching (Doody, 2011). Whilst synchronous hatching is 
driven by a particular abiotic or biotic force in many species, it does not appear to be the case 
in C. picta. Indeed, offspring in many populations of freshwater turtles in the northern 
hemisphere overwinter in the natal nest (Gibbons, 2013).Winter nest temperatures are 
variable (Weisrock and Janzen, 1999) and could influence the overall energy expenditures of 
neonates in the nest. During winter, metabolic demands are generally low but maternally 
sourced yolk provisions are utilised during this time, and the warmer the winter, the more 
energy is used (Willette et al., 2005; Muir et al., 2013). Yolk stores are extremely important 
in C. picta, a species that has temperature-dependent sex determination, as males that have 
  
79 
 
developed in cooler nest conditions will utilise less yolk than females in cooler over 
wintering nests, and females who develop in warmer incubation conditions will utilise less 
yolk than males in warmer overwintering nests (Spencer and Janzen, 2014). Thus, it would be 
important for their survival to hold onto these energy stores in preparation for atypical 
overwintering conditions, as this can result in up to 50% loss of energy (Spencer and Janzen, 
2014). By not metabolically compensating during development, embryos are able to reserve 
more energy stores to support them through the autumn and winter months and the critical 
time of emergence and migration. 
 
Environmentally cued hatching is evident in many oviparous species, including birds (Vince 
and Chinn, 1971), fishes (Bradbury et al., 2004), amphibians (Sih and Moore, 1993; 
Warkentin, 1995; Warkentin, 2000) and reptiles (Ferguson, 1985; Vitt, 1991; Doody et al., 
2001; Spencer et al., 2001; Colbert et al., 2010). Importantly, the mechanisms driving 
synchronous hatching in C. picta differ from the mechanisms present in other turtles (E. 
macquarii, C. longicollis or C. insculpta) and could have evolved independently. By 
overwintering in the nest, C. picta hatchlings experienced a more favourable environment and 
reduced risk of predation when emerging in the following spring (Wilbur, 1975; Gibbons, 
2013). Carettochelys insulpta also wait until more favourable conditions and lower predation 
risk, but do so by initially delaying hatching until triggered to synchronously hatch by 
seasonal flooding (Webb et al., 1986; Doody et al., 2001). For E. macquarii and C. 
longicollis, synchronous hatching is important for predator avoidance through predator 
swamping or reducing exposure to prey switching predators (Ims, 1990; Tucker et al., 2008). 
Whether emergence is triggered immediately after hatching or several months later could 
depend on environmental factors unique to a particular region, or by genetic factors unique to 
some populations (Breitenbach et al., 1984). Synchronous hatching through the mechanism of 
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early hatching does not have any obvious benefit or disadvantage to C. picta because 
hatchlings usually remain in the nest for several months after hatching. Thus, synchronous 
hatching may be an ancestral trait in C. picta which has been retained through descent and 
natural selection because its effect is not deleterious to hatchling survival. 
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Abstract 
Metabolic processes are affected by both temperature and thyroid hormones in vertebrates. 
Temperature is the major determinant of incubation length in oviparous vertebrates, but 
turtles can also alter developmental rate independent of temperature. Temperature gradients 
within natural nests cause different developmental rates of turtle embryos within nests. 
Despite temperature-induced reductions in developmental rate, cooler-incubated neonates 
often hatch synchronously with warmer siblings, via metabolic compensation. The 
physiological mechanisms underlying metabolic compensation are unknown, but thyroid 
hormones may play a critical role. We applied excess triiodothyronine (T3) to developing 
eggs of Murray River short-necked turtle (Emydura macquarii), a species that exhibits 
metabolic compensation and synchronous hatching, to determine whether T3 influences 
developmental rate, and whether any changes incur metabolic costs. We measured heart rate, 
oxygen consumption and incubation period of eggs, and morphology and performance of 
hatchlings. Embryos that were exposed to T3 pipped up to 3.5 days earlier than untreated 
controls, despite no change in total metabolic expenditure, and there were no treatment 
differences in hatchling morphology. Hatchlings treated with T3 demonstrated similar 
righting ability to hatchlings from the control groups. Exposure to T3 shortens incubation 
length by accelerating embryonic development, but without noticeably increasing embryonic 
metabolism. Thus, T3 is a mechanism that cooler-incubated reptiles could use to accelerate 
their development to allow synchronous hatching with their warmer clutch mates, but at little 
or no metabolic cost. Thus, “metabolic compensation” for synchronous hatching may not be 
metabolically expensive, if T3 is the underlying mechanism. 
   
Key words: Triiodothyronine, T3, synchronous hatching, environmentally cued hatching, 
phenotypic plasticity, embryogenesis, egg 
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Introduction 
All physiological processes in animals are temperature-dependent (Johnston et al. 1996; 
Packard et al. 1988; Packard and Packard 1988; Rome et al. 1992; Wilhoft 1958). In 
developing oviparous vertebrates, warmer incubation temperatures accelerate embryogenesis 
and reduce incubation periods (Birchard and Reiber 1996; Colbert et al. 2010; Lin et al. 2008; 
Spencer et al. 2001). Oxygen consumption (  O2) and heart rates of embryos are also 
temperature-dependent, partially as a result of accelerated embryogenesis (Birchard and 
Reiber 1996; Booth et al. 2000; Du et al. 2011; Du et al. 2010; Lillywhite et al. 1999; 
Vladimirova et al. 2005). Ultimately, incubation temperature also influences aspects of 
offspring phenotype, including morphology (Du et al. 2009; Du et al. 2010; Packard and 
Packard 1988), performance (Booth et al. 2004; Colbert et al. 2010; Dial 1987; Janzen 1993; 
Nelson et al. 2004; Weisrock and Janzen 1999) and sex differentiation in species that have 
temperature-dependent sex determination (Bull 1985; Bull and Vogt 1979; Yntema 1968, 
1978). 
 
In reptile nests, mean temperature differences occur throughout development as a result of 
diel and seasonal changes in ambient temperature (Shine and Elphick 2001; Thompson 1988, 
1997; Thompson et al. 1996). Within shallow nests, a temperature gradient occurs during the 
day, where eggs at the bottom of the nest experience cooler temperatures and eggs at the top 
of the nest experience warmer temperatures, by up to 6 °C (Thompson 1988; Thompson et al. 
1996). Due to being closer to the ground surface, eggs from the top of the nest experience 
higher temperatures during the day than do eggs at the bottom, while at night all eggs within 
the next experience similar temperatures (Thompson 1988; Thompson et al. 1996). These 
variable temperatures cause asynchronous development between the top and bottom eggs 
within a clutch (Thompson 1988, 1997). For example, in captivity, the Murray River short-
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neck turtle (Emydura macquarii) eggs incubated at 30 °C can hatch up to 3 weeks earlier than 
do sibling eggs incubated at 26 °C (Dormer et al. In Press).  Despite considerable variation in 
incubation temperatures, many reptilian embryos still hatch synchronously (Cannon et al. 
1986; Colbert et al. 2010; Du et al. 2011; McGlashan et al. 2012; Spencer et al. 2001; 
Thompson 1989; Vleck et al. 1980).  
 
The majority of evidence for synchronous hatching in the literature is anecdotal, with only a 
few species studied in depth. The pig-nosed turtle (Carettochelys insculpta) delays hatching 
until an environmental trigger (hypoxia) stimulates a synchronised hatching event (Doody et 
al. 2001; Doody et al. 2012; Webb et al. 1986). Synchronous hatching occurs in E. macquarii 
and the North American painted turtle (Chrysemys picta) when less developed embryos, 
incubating at cooler temperatures, either adjust their developmental rate through metabolic 
compensation (McGlashan et al. 2012) or hatch early (Colbert et al. 2010; Spencer and 
Janzen 2011). Metabolic compensation in E. macquarii has been defined as an increase in 
developmental rate in cool-incubated embryos, independent of incubation temperature, that 
allows them to developmentally “catch up” with warm-incubated embryos, likely with a 
metabolic cost (McGlashan et al. 2012). Synchronous hatching through metabolic 
compensation is also evident through circadian rhythms in the eastern long-necked turtle 
(Chelodina longicollis), this may be stimulated by communication through diel adjustments 
of heart rate (McGlashan et al. 2015), as they are in embryonic E. macquarii (Loudon et al., 
2013). Remarkably, these changes in metabolic and developmental rates do not incur costs to 
hatchling morphology or locomotor performance (McGlashan et al. 2015; McGlashan et al. 
2012).  
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The physiological mechanisms that underlie metabolic compensation are not known. Thyroid 
hormones are likely candidates for regulating metabolic compensation because they regulate 
embryonic development, growth, and metabolism in animals (Dauncey 1990; Himms-Hagen 
1976; Hollenberg and Forrest 2008; Silva 2001). Triiodothyronine (T3) and thyroxine (T4) are 
secreted from the thyroid gland into circulation for distribution to target tissues (Ford et al. 
1957; Norris 1997; Rivera and Lock 2008). Responsiveness to thyroid hormones occurs early 
in embryonic development and maternal thyroid hormones deposited into the yolk or 
transferred via a placenta are the primary supply for the early embryo (Forrest et al. 1990; 
McComb et al. 2005; McNabb and Wilson 1997). Thyroid hormone concentrations decrease 
throughout the early stages of development when there is a significant biological requirement 
for the hormone, particularly for neurodevelopment (Bernal and Nunez 1995; Escobar et al. 
2004; Morreale de Escobar et al. 2004), but concentrations increase following development 
of the thyroid gland and the onset of organ function (Prati et al. 1992). Exposure to more T3 
and T4 can accelerate development in the embryos of vertebrates and conversely, lack of 
thyroid hormones can significantly arrest development and result in deformity (Brown 1997; 
Callery and Elinson 2000; Escobar et al. 2004; Miwa and Inui 1987; Morreale de Escobar et 
al. 2004). Thus, differences in the production of thyroid hormone within individual embryos 
may explain why some individuals develop faster than others. In reptiles, metabolic 
compensation may occur because cooler-incubated embryos are stimulated to produce greater 
amounts of thyroid hormone in order to catch up with warmer-incubated siblings. 
 
In reptile nests, eggs incubate in close contact with each other. Cues from more advanced 
warmer eggs could stimulate cooler, less advanced eggs to secrete more thyroid hormone to 
accelerate development to catch-up and hatch synchronously. These cues could include 
sibling heart rate, CO2 concentrations in the nest (Spencer and Janzen 2011; Spencer et al. 
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2001) and acoustic communication through stridulation, vibration and audible clicks (Ferrara 
et al. 2014; Ferrara et al. 2013; Vergne et al. 2009). Natural increases of thyroid hormone 
concentrations may be responsible for accelerated development in freshwater turtles that 
result in synchronous hatching through metabolic compensation. 
 
The aim of this study was to determine whether thyroid hormones facilitate metabolic 
compensation and thus, synchronous hatching. We focused on T3 because it is the active form 
of thyroid hormone in mammals (Braverman et al. 1970; DiStefano et al. 1982a; DiStefano et 
al. 1982b; Hollenberg and Forrest 2008; Schwartz et al. 1971) and would be most likely to 
influence embryonic metabolic rate in turtles (O'Steen and Janzen 1999). T3 is also the 
primary hormone that increases O2 consumption in thyroidectomised lizards (Chandola-
Saklani and Kar 1990). In addition, we have preliminary evidence that metabolically-
compensating E. macquarii exhibit slightly elevated T3 concentrations during development 
(McGlashan 2016). We specifically tested the hypothesis that increased T3 would accelerate 
developmental rate in embryos of the turtle Emydura macquarii by inducing positive 
metabolic compensation (eg. increased heart rate and   O2).  
 
Method 
Study species 
Emydura macquarii is the focal species for this study because embryos can be stimulated to 
accelerate development through metabolic compensation when incubated with more 
advanced embryos (McGlashan et al. 2012). Emydura macquarii is an Australian pleurodiran 
(side-necked) turtle that lays clutches of 10-30 eggs in relatively shallow terrestrial nests 
from October-December. Females usually emerge to nest in the riparian zones close to 
aquatic habitat during or after rain (Chessman 1986).  
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Egg collection and incubation 
Female E. macquarii were captured from the Murray River, Albury, New South Wales from 
30
th
 October to 1
st
 November 2012, using lobster and cathedral traps. Gravidity was 
determined by palpation. Gravid females were injected subcutaneously with oxytocin (Ilium 
Syntocin 10 IU/ml, Troy Laboratories PTY LTD) at a dose of 1mL/kg, to stimulate 
oviposition, and placed in 150 mm deep water in tubs 600 x 400 mm in a dark quiet room for 
up to 24 h (Spencer et al. 2001). Eggs were collected from tubs, weighed, individually 
marked in laying order using a HB pencil, and placed in moist vermiculite. Prior to release, 
all females were palpated to ensure all eggs were oviposited; if not, then a second oxytocin 
injection was administered to complete oviposition. Clutches were transported to the 
University of Western Sydney for incubation. 
 
Three eggs from each of the twelve clutches were used for this experiment. One of the three 
eggs from each clutch was assigned to one of three containers, one for thyroid hormone 
treatment and two for controls (vehicle and H2O). Each container held a total of 12 eggs. 
Eggs were half buried in a 1:1 mixture of vermiculite and deionised water and incubated in 
clear plastic incubator containers (200 x 100 x 50 mm). To account for evaporation and 
maintain water potential of vermiculite, containers were weighed and rehydrated weekly. 
Containers were incubated in environmental chambers at 30 °C and were rotated weekly 
within chambers to counteract potential thermal gradients in the incubator (Janzen 1993). 
 
Hormone application 
Eggs in the treatment group were treated with the thyroid hormone 3,3’5-triiodo-L-thyronine 
(T3; Sigma-Aldrich, NSW, Australia) dissolved in the vehicle dimethyl sulfoxide (DMSO, 
Sigma-Aldrich Co. Australia). Eggs in the vehicle control group were treated with DMSO 
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only, while eggs in the H2O control group were treated with deionised water (H2O). In the 
treatment group, 2.0 μg T3 was dissolved in 5.0 μL of DMSO- 0.4 μg/μL (O'Steen and Janzen 
1999). DMSO was used due to its ability to transport and penetrate through membranes (Kolb 
et al. 1967).  
 
The dosage determined was based on the dose of the same hormone applied to Chelydra 
serpentina embryos, observed to have increased resting metabolic rates (RMR) of hatchlings 
and reduced incubation periods (O'Steen and Janzen 1999). The dose given to C. serpentina 
at embryonic stages 18-19 was calculated for E. macquarii embryo size (crown to rump 
length) at approximately the same stage of development (Dormer 2012; Greenbaum and Carr 
2001; Yntema 1968). Emydura macquarii reached stages 18-19 at approximately day 20 of 
development at an incubation temperature of 30 °C (Dormer 2012). At this stage of 
embryonic development the thyroid gland is differentiated and functional (Dimond 1954; 
Ewert 1985; O'Steen and Janzen 1999), so a single dose of 5 μL of T3/DMSO and controls 
(DMSO and H2O) was applied to the top surface of each egg in the corresponding container 
using a pipette.  
 
Metabolic measurements 
Oxygen consumption (  O2) was measured in weeks 4, 5 and 6, on all 36 eggs to determine 
whether added T3 increased metabolic rate in embryonic turtles.   O2 was measured using 
Oxy-4 mini: 4-Channel Fiber optic oxygen transmitter (PreSens, Precision Sensing, 
Regensburg, Germany). Eggs were placed in a glass container (50 x 50 x 50 mm) in 100 g of 
moist vermiculite (1:1), sealed and placed in an incubator for a period between 4 and 24 h, 
depending on the stage of development based on incubation week. An initial reading was 
taken immediately after the container was sealed and a final reading was taken at the end of 
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the time period. The differences in individuals’ initial and final readings (mL/h) were 
compared between treatment and control groups to see if T3 exposure affected   O2. One 
empty container containing only moist vermiculite was used as a control. Hourly   O2 of 
hatchlings were also measured after hatching to determine if hormone application had any 
lasting effects on resting metabolic rates (RMR) of neonates. Hatchlings between 35 and 40 d 
old were placed in the same glass containers, previously used for measuring embryonic   O2, 
on a moist paper towel for a period up to 3 h. Initial and final readings were taken and the 
difference was used to determine total   O2 for each individual.   O2 rates were also used to 
calculate individual total   O2 during incubation. 
 
Heart rate measurements 
We measured heart rates (bpm) of all 36 eggs weekly to infer metabolic rate of embryos (Du 
et al. 2009; Wallace and Jones 2008). Eggs were individually removed from the incubation 
container and immediately placed in a Buddy digital egg monitor system (Avian Biotech, 
England) in complete darkness. Three readings were taken once heart rates stabilised (within 
2 min; McGlashan et al. 2015; Sartori et al. 2015). The mean of three readings, taken at 30 s 
intervals, was calculated. Eggs were not disturbed during the recording period and any 
embryonic movement could be detected and distinguished from heart rate readings, in which 
case we waited for movement to cease and heart rate to stabilise before recording again 
(McGlashan et al. 2015).  
 
Calculation of total oxygen consumption  
Total daily   O2 was calculated for each embryo during incubation using each individuals 
weekly   O2 per hour and multiplying it by 24.   O2 increases in a sigmoid pattern throughout 
development in many turtles, (Booth 2000; Booth and Astill 2001; Du et al. 2010; 
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McGlashan et al. 2012; Thompson 1989), but embryonic   O2 was only collected in the final 
weeks of incubation (weeks 4 to 6). We plotted   O2 against Julian day for each measurement 
(Fig. 1), and the linear equation for each week to week line was calculated. Each linear 
equation was then integrated to estimate the total   O2 over each weekly interval. The values 
for each weekly interval were summed to estimate total oxygen consumed during incubation 
(Van Dyke and Beaupre 2011). We used the same procedure to estimate   O2 of hatchlings 
from the last measurement of egg metabolism prior to hatching to the RMR measurement 35-
40 days after hatching.  
 
 
Fig. 1: Mean weekly   O2 of Emydura macquarii are plotted against the Julian day of each 
measurement to demonstrate how total   O2 was calculated over incubation period and post 
hatching resting metabolic rate (RMR). Solid lines represent changes in measured oxygen 
consumption from measurement to measurement. The numbers within parentheses are sample 
sizes for each time point. Black line represents control DMSO, dark grey line represents 
control H2O and light grey line represents treatment T3 ± SE. The broken black line 
represents the day pipping commenced for treatment (T3) neonates and the thick black 
unbroken line represents the day pipping commenced for control group neonates. No 
significant difference in embryo total   O2 (F2,17 = 2.21 p = 0.1406), no significant difference 
in total RMR   O2 (F2,6 = 2.19 p = 0.1310). 
Oviposition - Week 6 
(24) 
Week 6- Week 7    
(48) 
Week 7- Week 8    
(47) Week 7- 40 d Post –Hatching     
(30) 
Pipping (d: 349-351) 
DMSO  
H2O 
T3 
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Pipping, post hatching measurements and hatchling care 
Eggs were inspected twice daily for signs of pipping (initial break of egg with caruncle) 
(Gutzke et al. 1984). The incubation period was measured as time in days from oviposition 
until pipping. Neonates were allowed to hatch unassisted (within 1-4 d), after which they 
were weighed (g), and straight carapace length (CL) and straight plastron length (PL) were 
measured. Performance tests (righting ability) were undertaken within 12 h of hatching.  
Residual yolk sac volumes (Packard and Packard 1988) were estimated as volumes of 
ellipsoids using length, width and height measurements. Performance and coordination of 
hatchlings were assessed using a righting ability test to determine if the T3 treatment affected 
neuromuscular development which could affect post hatching survival. Essentially, this is to 
test whether experimental manipulation of T3 had negative consequences for hatchlings that 
could not be observed by studying incubation period, metabolism, or hatchling morphology 
alone. Hatchlings were placed on their carapace and the times taken to right themselves were 
measured as an index of neuromuscular development (Colbert et al. 2010; Peterson and 
Kruegl 2005; Vleck et al. 1979; Vleck et al. 1980). Righting times were recorded once, to the 
nearest second using a digital stopwatch and all tests were stopped at 180 s if a turtle did not 
right itself. 
 
Hatchlings were initially marked with an identifiable number using enamel paint and within 2 
weeks their marginal scutes were individually notched using dissecting scissors (Spencer et 
al. 2001). Hatchlings were housed together in a 70 L aquarium that was filtered using an 
external filter (Eheim 440 power filters, Germany). Turtles were fed 3-4 times a week on a 
diet of white bait (Richmond Seafoods, Richmond Market place), commercial frozen turtle 
foods (Fish Fuel Co.) and bloodworms (Orca). UVB lighting (Exo Terra: Repti Glow 2.0 
40W, Rolf C. Hagen Inc.) was supplied on a 7 am to 7 pm timer and a foam floating dock for 
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basking was available at all times. All hatchlings were treated the same for 2 months before 
being dissected to determine if there were any effects of excess T3 on internal morphology.  
 
Histology 
Out of the 36 eggs, 34 hatched successfully. Neonates were euthanased via an overdose of 
inhaled isoflurane followed by pithing for measurements of the thyroid gland, including 
thyroid gland width (TW) and the ratio of epithelial height and follicular diameter (EFR; 
Wilhoft 1958). We also identified the sexes of hatchlings and examined gross morphology to 
determine whether T3 exposure affected development of internal organs. Thyroid gland and 
gonads were removed and fixed in 10% neutral buffered formalin for 1-2 weeks in 4 °C. 
Tissues were processed through graded alcohol steps and xylene, prior to being embedded in 
paraffin wax (Wilhoft 1958). Samples were cut into 10 μm sections, mounted on silane-
coated slides (ProSciTech, Queensland) and stained with haematoxylin and eosin (Bancroft 
1975) and cover slipped with DPX. The slides were viewed and photographed using an 
Olympus BX60 compound microscope, Jenoptik ProgRes C14 digital camera and Image 
Pro+ 6.2 software. The slides were examined to determine the sex of each hatchling and the 
thyroid gland and follicular development (De Solla et al. 2006; Ross et al. 2009; Wilhoft 
1958; Yntema 1981). 
 
Data analysis 
Incubation period was analysed using a mixed linear model analysis (PROC MIXED; SAS, 
version 9.3, SAS Institute, Cary, NC) with egg mass included as the covariate. Embryonic 
    and heart rate were compared among weeks and among treatment and control groups 
using a repeated measures analysis of covariance (ANCOVA) in SAS (PROC MIXED). Egg 
mass (g) was included in the model as a covariate. A non-repeated ANCOVA was used to 
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compare hatchling RMR 35-40 days after hatching, using hatchling mass as a covariate. 
Estimated total   O2 of embryos and hatchlings were also compared using ANCOVA models 
in PROC MIXED. Egg mass was included as a covariate for the comparison among embryos, 
while hatchling mass was used as a covariate for the comparison among hatchlings. 
  
Phenotypic differences in carapace length, plastron length, mass and yolk sac volume were 
compared among treatment and controls using a multivariate analysis of variance 
(MANCOVA) with egg mass as a covariate in SAS (PROC GLM). Hatchling righting ability 
was individually analysed using a mixed linear model analysis (PROC MIXED) with egg 
mass as a covariate. A binomial test was used to assess propensity to right in SAS (PROC 
GLIMMIX). Differences in thyroid width and epithelial follicular ration were analysed using 
ANCOVA with hatchling mass (g) as covariate.  
 
Clutch was included as a random effect in all models, and if treatment effects were found to 
be significant, then post-hoc Tukey Tests were used to determine where pairwise differences 
occurred. All data analysed with ANCOVA were log-transformed before analysis to ensure 
linearity in the models. Examination of residuals ensured that all assumptions of univariate 
parametric statistics were met. In the multivariate analysis, the assumption of multivariate 
normality could not be directly tested due to sample size limitations. Thus, Pillai’s Trace was 
used as a test statistic because it is robust to violations of multivariate normality (Scheiner 
2001). Statistical significance was determined at the 0.05 Type I error level, and data are 
presented as means ± SE.   
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Results 
Incubation period 
Only two of the 36 eggs failed to hatch. One egg pipped but failed to hatch and the other 
failed to pip, both were from the T3 treatment group. Triiodothyronine reduced the incubation 
period of embryos by 2-3 days (F2,17 = 4.25 p = 0.033; Fig. 2). Eggs that were treated with T3 
hatched on average 2.5 d earlier than DMSO treated eggs (t17 = 3.18 p = 0.014) and 3 d 
earlier than eggs treated with H2O alone (t17 = 3.10 p = 0.014). 
 
 
 
Fig. 2: LSMeans of incubation period of eggs in treatment and control groups (F2,17 = 4.27 p 
= 0.031). Letters indicate significant pairwise differences among treatments within each 
measurement (T3-DMSO, t17 = 3.15 p = 0.015, T3-H2O, t17 = 3.07 p = 0.018) ± SE. T3; n = 
10, DMSO and H2O; n = 12. 
 
Oxygen consumption 
There was a time effect on   O2 over the course of incubation (F3,92 = 36.07 p < 0.0001; Fig. 
3). Within the T3 treatment, significant pairwise differences occurred between week 6 of 
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incubation and hatchling RMR (T3; t92 = 4.2, p < 0.0001). Significant pairwise differences 
also occurred at the same time points within both control groups (DMSO; t92 = 5.93, p < 
0.0001; H2O; t92 = 5.27, p < 0.0001, p = <0.0001). There was no significant difference in   O2 
between treatment and control groups at any time point (F2,92 = 0.66, p = 0.5183), or the 
interaction of treatment and time throughout the incubation period (F6,92 = 0.42, p = 0.8630), 
but   O2 increased with increasing egg mass (F1,92 = 9.27 p = 0.003). Analysis of post 
hatching RMR also revealed no significant differences among treatment and controls (F2,5 = 
0.45 p = 0.6636; Fig. 3).  
 
 
 
Fig. 3: LSMeans of   O2 of embryos in control groups: DMSO (dark grey) and H2O (medium 
grey) and treatment group: T3 (light grey), ± SE, N = 36 across 117 technical replicates. No 
significant difference among treatment groups (F2,92 = 0.66 p = 0.5183),   O2 did change with 
time (F3,92 = 36.07 p < 0.0001), letters indicate significant pairwise differences between   O2 
of embryos in week 6 of incubation and hatchling RMR within treatment groups (DMSO; t92 
= 5.93, p < 0.0001; H2O; t92 = 5.27, p < 0.0001; T3; t92 = 4.2, p < 0.0001). 
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Estimated total oxygen consumption 
Embryo total VO2 (IncEE) did not differ among treatment and control groups (F2,17 = 2.21 p = 
0.1406; Fig. 1; Table 1) and there was no interaction of egg mass and treatment (F2,17 = 2.40 
p = 0.1207). Egg mass did not significantly affect total VO2 of embryos (F1,17 = 0.39 p = 
0.5412). Estimated total RMR VO2 from hatchlings did not differ significantly between 
treatment and control groups (F2,6 = 2.91 p = 0.1310) and there was no interaction effect of 
egg mass and treatment (F2,6 = 3.12 p = 0.1176). Egg mass, treatment or the interaction of 
both did not significantly affect RMREE (Table 1).  
 
 
Table 1: LSMeans of estimated total oxygen consumption (mL/h) throughout incubation 
(IncEE) N = 33, total oxygen consumption from hatching to RMR measurement (RMREE) N 
= 33, and total oxygen consumption (TotalEE) (IncEE + RMREE) N = 22, ± SE. 
 
Treatment IncEE RMREE TotalEE 
DMSO (n = 11) 
1068.2 ± 103.35 1674.84 ± 166.55 2333.07 ± 278.98 
T3 (n = 10) 
860.20 ± 103.33 1427.53 ± 208.64 1541.99 ± 283.65 
H2O (n = 12) 
1034.61 ± 113.49 1659.47 ± 193.98 2222.23 ± 310.45 
 
 
Heart rate 
Heart rates did not differ among treatment and control groups at any point during incubation 
(F2,155 = 0.16 p = 0.8512; Fig. 4), and were not affected by the interactions of treatment and 
egg mass or of treatment, egg mass and time. Heart rate was significantly affected by egg 
mass (F1,155 = 6.58, p = 0.0113) and time (F5,155 = 3.10, p = 0.0107) individually and as an 
interaction effect (F5,155 = 2.52, p = 0.0317). 
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Fig. 4: LSMeans of heart rates (bpm) of embryos in control groups: DMSO (dark grey) and 
H2O (medium grey) and treatment group: T3 (light grey), ± SE, N = 36 across 202 technical 
replicates. 
 
 
Heart rates were affected by week of incubation (F5,155 = 3.1 p = 0.0107; Fig. 4). Heart rate 
gradually increased in both control groups from week 2 to week 4 of incubation and weeks 2-
5 for the treatment group but there was no interaction effect of treatment and time (F10,155 = 
0.78 p = 0.6434). Heart rate began to decline in week 5 in control groups and week 6 in the 
treatment group, prior to hatching. 
 
Post hatching measurements  
A multivariate analysis of all measurable hatchling phenotypes (carapace length, plastron 
length, mass and yolk sac volume) revealed that size was not affected by the interaction of 
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treatment and egg mass (Pillai = 0.1819, F8,28 = 0.35 p = 0.9377), treatment alone (Pillai = 
0.1604, F8,28 = 0.31 p = 0.9577), or egg mass alone (Pillai = 0.2876, F4,13 = 1.31 p = 0.3166). 
Righting ability was not affected by treatment with T3. There was no significant difference in 
ability to successfully right (F2,22 = 0.01 p = 0.999) and total time for neonates to right 
themselves at the time of hatching (F2,17 = 0.12 p = 0.888; Fig. 5). Twenty-four out of the 34 
hatchings righted themselves within the time frame.  
 
 
 
 
Fig. 5: LSMeans of righting time (s) in treatment and control groups ± SE. T3; n = 8, DMSO; 
n = 6 and H2O; n = 10. 
 
 
Histological measurements 
The thyroid width and the epithelial follicular ratio were only measured in 32 hatchlings as 
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difference in either measurement (F2,15 = 1.81 p = 0.197 and F2,15 = 0.60 p = 0.56; Table 2). 
Gonads of hatchings were also assessed to determine sex ratio. There was no significant 
difference in the ratio of males to females in all groups (F2,19 = 0.53 p = 0.6).  
 
 
Table 2: Mean measurements (± SE) of the thyroid gland (width) and epithelial follicular  
ratio of T3, DMSO and H2O treated embryos of Emydura macquarii. 
 
Treatment Thyroid Width (µ) Epithelial Follicular Ratio (%) 
DMSO (n = 11) 983 ± 48 10.6 ± 1.1 
T3 (n = 10) 877 ± 66 10 ± 0.8 
H2O (n = 12) 963 ± 31 10 ± 1.1 
 
 
The histological appearance of thyroid glands from hatchlings exposed to T3 did not differ 
from control groups (Fig. 6). The thyroid gland is made up of tightly packed follicles, 
enclosed with simple cuboidal epithelium. Follicles typically contain colloid that is 
homogenous in appearance (Fig. 6a). Epithelial cells of follicles are sometimes squamous 
indicating little absorption and continued colloid production; this usually results in larger 
follicles (Fig. 6b). C-cells were present in the thyroid glands of hatchling E. macquarii, lying 
between follicles (Fig. 6b and d). Vacuolation in the peripheral colloid was generally 
minimal, but evident in few samples (Fig. 6b) and generally indicative of increased rate of 
colloid production. A single layer of cuboidal follicular epithelial cells was present in glands 
of treatment and control hatchlings (Fig. 6c and d) and capillary networks were abundant 
throughout glands (Fig. 6b, c and d).  
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Fig. 6: Neonatal thyroid gland from 2 month old Emydura macquarii hatchlings. a: Normal 
neonatal thyroid gland (x10) from control (DMSO) hatchling, 1: follicles, 2: simple cuboidal 
epithelium, 3: colloid. b: Thyroid gland (x20) from control (DMSO) 2 hatchling, 1: 
squamous epithelial cells, 2: C-cell, 3: vacuoles, 4: capillary network. c: Thyroid gland (x20) 
from control (H2O) hatchling, 1: simple cuboidal epithelial cells, 2: capillary network. d: 
Thyroid gland (x20) from treatment (T3) hatchling, 1: simple cuboidal epithelial cells, 2: C-
cell, 3: capillary network. 
 
 
Discussion 
Metabolic compensation in E. macquarii has been defined as an increase in developmental 
rate, with a metabolic cost, to allow cool-incubated embryos to developmentally “catch up” 
with warm-incubated embryos (McGlashan et al. 2012). Embryos may be able to accelerate 
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development late in incubation by producing excess T3, however, our results suggest that 
excess T3 accelerates development without incurring developmental or metabolic 
compensatory costs. Indeed, the addition of T3 reduces incubation period in embryonic E. 
macquarii by up to 3 days, but does not compromise embryonic development in any way 
revealed by our methods. Throughout incubation, there were no significant differences in 
heart rate or   O2 between treatment and control embryos at any time point. Furthermore, total 
oxygen consumption by eggs over the course of development was not affected by the 
application of exogenous T3. Thus, T3 causes a small reduction in incubation period, but that 
this reduction does not incur a metabolic cost over the entirety of incubation. In addition, 
total and daily oxygen consumption are unchanged but incubation period is slightly reduced, 
indicating that embryos exposed to exogenous T3 might experience slightly higher per-day 
metabolic rates at any given point during development. Otherwise, we would expect a 
reduction in total oxygen consumption concomitant with a reduction in incubation period. 
However, the potential differences in per-day oxygen expenditure were not sufficiently large 
to be detectable in our study, possibly due to either the relatively small sample size of our 
study or to random variation in the relative timing of metabolic measurements at each time 
point. Ultimately, embryos that hatched earlier used similar amounts of energy during 
development as did those that hatched later, such that all hatchlings should have similar post-
hatch energy reserves. 
 
Exposure to excess T3 did not affect hatchling size, residual yolk internalisation, or post-
hatching righting ability. Thyroid growth and development were also not affected by the 
application of T3, suggesting that an increased production or synthesis of thyroid hormones 
does not affect thyroidal development, nor lead to long term effects on the growth and 
development of the turtle. Taken together, our results show that elevated concentrations of T3 
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can reduce incubation period in E. macquarii, but do not compromise embryonic 
development in any obvious way. Remarkably, these results suggest that cooler-incubated 
embryos might be able to use increased T3 to accelerate development and catch up with 
warmer-incubated siblings without significant metabolic or developmental costs. There could 
still be a metabolic cost in producing extra T3 during embryonic development; as any 
compensatory change during development could potentially come at a cost (Metcalfe and 
Monaghan 2001), but it is likely to be small and it is not addressed in this study. 
 
At developmental stages 18-19, when we applied T3, thyroid follicles have begun to appear 
and colloid is present within, thus the thyroid should be well-enough developed to synthesise 
hormones (Dimond 1954; Lynn 1970). Increased production of T3 in mid-late development 
might allow cooler incubated embryos to reduce incubation period to that of the warmer 
incubated embryos in the nest to ensure synchronous hatching of neonates. Preliminary 
evidence indicates that T3 concentrations in yolk increase in metabolically compensating 
E.macquarii embryos during the final stages of incubation just prior to hatching (McGlashan 
2016). Increases in plasma thyroid hormone concentrations have also been correlated with 
hatching and post hatching in crocodiles and turtles (Dimond 1954; Shepherdley et al. 2002). 
Thus, it is possible that elevated production of T3 in late development could be the 
mechanism underlying synchronised hatching in turtles, but our results suggest that excess T3 
might also accelerate embryogenesis much earlier in development, if it were produced at that 
time. Thus, increased T3 concentrations at any stage of development appear to increase 
developmental rates. 
 
In addition to potentially regulating metabolic compensation, thyroid hormones are important 
regulators of embryogenesis more generally (Morvan-Dubois et al. 2013). Triiodothyronine, 
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T4, and their receptors are present in the eggs and embryos of vertebrates (Power et al. 2001; 
Prati et al. 1992; Shepherdley et al. 2002). Evidence for thyroid hormone function in 
embryogenesis comes from endocrine disruption studies. Thyroid hormones regulate growth 
and pigmentation in embryonic zebrafish, Danio rerio (Walpita et al. 2009) and brain 
development in the African clawed frog, Xenopos laevis (Fini et al. 2012). Embryonic 
chickens exposed to PCBs exhibited reduced circulating thyroid hormone concentrations, 
which was associated with delayed hatching (Roelens et al. 2005). 
 
Synchronous hatching has evolved in species where group emergence is important (Doody et 
al. 2001; Gyuris 1993; Lang 1987; Spencer et al. 2001; Thompson 1988). If excess T3 does 
cause embryos to accelerate development, cues within the nest such are heart rate, carbon 
dioxide concentrations, or auditory cues from the embryos could stimulate its production 
(Ferrara et al. 2014; Ferrara et al. 2013; Spencer and Janzen 2011; Vergne et al. 2009). Our 
observation that development is accelerated without metabolic or morphological 
consequences is important. Completion of development is essential as any reduction in 
developmental time can have adverse effects on the growth, performance and survival of the 
hatchling (Janzen 1993; Vince and Chinn 1971; Warkentin 1995). Predation risk may be 
higher in individuals that have reduced performance and agility, particularly in turtles during 
terrestrial movement. Hatchlings that are slow or unable to right themselves may have an 
increased exposure risk to predators (Burger 1976) so selection favours hatching without any 
cost to performance. Hatchling size can also influence survival cost (Doody 2011; Janzen 
1993; Warkentin 1995), so may be favoured by natural selection. The apparent lack of 
energetic or fitness cost to T3-stimulated accelerated development, combined with the 
potential benefits of synchronous hatching, suggests that if T3 is the mechanism underlying 
synchronous hatching, then it should be strongly favoured by natural selection. 
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Abstract 
Embryonic development is sensitive to external factors such as temperature and moisture. 
Within a natural nest, variable temperatures can alter metabolic rate of embryos and cause 
asynchronous development of clutch-mates. Synchronous hatching is a phenomenon that 
occurs in several species of turtles despite differences in incubation conditions. Emydura 
macquarii hatch synchronously by metabolically compensating during the final third of 
incubation, so less advanced eggs can catch up to more advanced eggs. This study 
investigates the concentration of endogenous thyroid hormone (triiodothyronine- T3) and 
gluccocorticoid (corticosterone) throughout the incubation period of developing E. macquarii 
eggs to determine if their influence on metabolism and growth may stimulate metabolic 
compensation. Asynchrony was established in clutches of developing E. macquarii eggs and 
concentrations of T3 and corticosterone were measured in the yolk at nine time points. There 
were no significant differences between asynchronous and synchronous clutches in 
concentrations of either hormone. There was an increase in T3 concentration from 6-11 pg/g 
in the yolk of eggs at day 52 and 57 of incubation measured and an increase in corticosterone 
at day 57. The increases coincide with the stage of development when embryos are preparing 
for hatching, which may be stressful and energetically expensive. Corticosterone and T3 do 
not appear to be the hormones responsible for regulating metabolic compensation and 
synchronous hatching. Both corticosterone and T3 increased at the end of incubation which 
suggests they are necessary for hatching and preparing the embryo for life outside of the egg, 
due to their strong physiological effects during stressful environmental conditions. 
 
Key Words: Triiodothyronine, T3, glucocorticoid, corticosterone, synchronous hatching, 
environmentally cued hatching, phenotypic plasticity, embryonic development, egg  
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Introduction 
Embryonic development is sensitive to external factors such as temperature and moisture 
(Packard et al., 1982; Packard et al., 1983; Packard et al., 1988; Deeming and Ferguson, 
1991; Booth, 1998; Monaghan, 2008). These factors alter metabolic rate of an embryo 
throughout incubation and can affect the rate of oxygen consumption, heart rate and 
hormonal balance, specifically, thyroid hormones and corticosterone (Decuypere et al., 1979; 
Tullett, 1990; Tona et al., 2003). Conversely, hormonal disruptions can alter metabolism 
(Wikelski et al., 1999; Miles et al., 2007; DuRant et al., 2008; Meylan et al., 2010). Thyroid 
hormones and glucocorticoids (corticosterone) are necessary for embryonic development and 
maintaining homeostasis when under stress (Karnofsky et al., 1951; Scott et al., 1981; 
Gorbman et al., 1983; McNabb, 1992 ; McNabb and King, 1993b). Hormones can cross the 
placenta to reach the embryo in mammals (Wourms, 1981; Vulsma et al., 1989; McNabb and 
Wilson, 1997; Escobar et al., 2004; Morreale de Escobar et al., 2004), or are deposited into 
the oocytes during vitellogenesis via lipids and binding proteins for embryonic development 
in oviparous animals (lecithotrophy) (review, McNabb & Wilson, 1997; McNabb & King, 
1993). The amount of hormone that is deposited into the oocyte depends on the maternal 
hormone status, but it is still not known what proportion of hormones used to regulate 
embryonic development comes from the mother (yolk), or from the embryos own production 
(Wilson and McNabb, 1997).  
 
Thyroid hormones are required for the growth and development of embryonic tissues, by 
triggering and accelerating cartilage and bone differentiation and maturation (Burch and 
Lebovitz, 1982; Wilson and McNabb, 1997), development of the brain and central nervous 
system (Bernal and Nunez, 1995; Morreale de Escobar et al., 2004) and cardiac function, 
including contraction and relaxation rates, cardiac output and heart rate (Morkin et al., 1983; 
Klein, 1990; Little and Seebacher, 2014). Thyroid hormones are also strongly linked to 
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reduced incubation periods (Chapter 4), hatching success and yolk retraction in turtles 
(Dimond, 1954) and increase in the plasma of embryonic crocodiles late in development, 
prior to hatching and immediately post hatching (Shepherdley et al., 2002). Thyroid function 
of the embryo is limited in ability during the first half of incubation in birds (Thommes, 
1987; McNichols and McNabb, 1988), so maternal hormones in the yolk are taken up by the 
embryo during development for early tissue growth prior to thyroid gland differentiation and 
hormone production and synthesis (Escobar et al., 1985; Escobar et al., 1988; Prati et al., 
1992). Thyroid hormone receptors are present in the brain and heart early in embryonic 
development before the thyroid gland is functional (Perez-Castillo et al., 1985; Bradley et al., 
1992; McNabb and King, 1993b). Receptors are also present in the brain, blood and yolk sac 
in early stages of embryonic development in birds (Haidar et al., 1983; Forrest et al., 1990). 
After the thyroid gland is developed and functional through the hypothalamic-pituitary-
thyroid (HPT) axis, the thyroid gland become the major supplier of hormones to the embryo 
(Thommes et al., 1977; McNabb and Wilson, 1997).  
 
Glucocorticoids are also of maternal origin prior to development of the adrenal glands, and 
arise via endogenous regulation through the hypothalamo-pituitary-adrenal (HPA) axis later 
in embryonic development (Wise and Frye, 1973; Freeman, 1974; Tona et al., 2003). 
Glucocorticoids control actions and physiological responses to immediate stressors and 
prepare and aid adaptation to chronic stressors by stimulating a rise in hormone secretion 
(Wingfield and Ramenofsky, 1999; Sapolsky et al., 2000). In reptiles, corticosterone is the 
primary hormone released to modulate actions in response to a stressor (Hanke and Kloas, 
1995). Corticosterone is secreted and synthesised from mid-development and increases in 
concentration late in development, right through to hatching in the chicken and alligator 
(Pedernera, 1972; Wise and Frye, 1973; Kalliecharan and Hall, 1974; Medler and Lance, 
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1998), but decreases soon after hatching. The decrease of plasma corticosterone 
concentrations after hatching also occurs in crocodiles (Shepherdley et al., 2002) and 
chickens (Thommes and Hylka, 1977). Corticosteroid is involved in many physiological and 
behavioural processes that help the body to adjust to stress and restore homeostasis, including 
regulation of energy storage and utilization (Dallman and Bhatnagar, 2010), stabilisation of 
oxidative stress and regulation of immune functions (McEwen et al., 1997; Lin et al., 2004; 
Spencer et al., 2005). Increased corticosteroid concentrations in blood plasma improves 
stamina and metabolism in reptiles (Miles et al., 2007; DuRant et al., 2008; Meylan et al., 
2010) and increases oxygen consumption in birds (Wikelski et al., 1999). 
 
Synchronous hatching is a phenomenon that occurs in several species of turtles (Webb et al., 
1986; Spencer et al., 2001; Colbert et al., 2010; McGlashan et al., 2015). Nest temperature 
gradients cause asynchronous development among embryos in a nest (Thompson, 1988, 
1997), but they still hatch synchronously. Hatching synchrony happens through metabolic 
compensation, early hatching or by environmental triggers that stimulate a spontaneous 
hatching event (Doody et al., 2001; Colbert et al., 2010; Doody, 2011; McGlashan et al., 
2012; McGlashan et al., 2015;Chapter 2; 3). Asynchronous environments in a nest may cause 
a stress response from embryos that are less developed than their clutch-mates, and stimulate 
them to metabolically compensate and catch-up. Both thyroid and corticosterone hormones 
could be necessary to stimulate metabolic compensation and synchronous hatching in 
freshwater turtles due to their strong physiological effects and their influence on metabolism 
and hatching time (Chapter 4). We tested the hypothesis that thyroid hormones and 
corticosterone are involved in regulating metabolic compensation and synchronous hatching.  
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Method 
Egg collection and incubation 
Emydura macquarii was chosen for this study as they can be stimulated to accelerate 
development through metabolic compensation by incubating eggs with more advanced eggs 
(McGlashan et al., 2012). Twenty female E. macquarii were captured from the Murray River, 
Albury, New South Wales from 30th October to 1st November 2012, using lobster and 
cathedral traps. Females were palpated to determine gravidity. They were injected 
subcutaneously with oxytocin (Ilium Syntocin 10 IU/ml, Troy Laboratories PTY LTD) at a 
dose of 1mL/kg to stimulate oviposition and placed in tubs 600 x 400 mm with 150 mm deep 
water in a dark quiet room for up to 24 h (Spencer et al., 2001, McGlashan et al., 2015). Eggs 
were collected from the tubs, weighed, individually marked in laying order using a HB 
pencil, and placed in moist vermiculite. Prior to release, females were palpated to ensure all 
eggs were oviposited; if not, then a second oxytocin injection was administered to complete 
oviposition. The 20 clutches were transported to the University of Western Sydney, 
Hawkesbury, for incubation. 
 
Eggs were half buried in a 1:1 mixture of vermiculite and deionised water and incubated in 
clear plastic containers with lids (200 x 100 x 50 mm). The initial weight of the container and 
vermiculite were used to account for evaporation and net water gain by the eggs. Containers 
were also rotated weekly within environmental chambers to counter the effects of potential 
thermal gradients (Janzen, 1993, Colbert et al., 2010). 
 
Developmental asynchrony in clutches of eggs was established using protocols similar to 
McGlashan et al. (2012). Twelve eggs from each clutch were used in either the treatment 
(asynchronous) or control (synchronous) groups. Another egg from each clutch was frozen 
and stored in -20 °C, directly following oviposition, for the initial hormone analysis. Both 
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asynchronous and synchronous groups consisted of 10 clutches each. To establish asynchrony 
within the asynchronous clutches, four of the eggs were randomly selected from each clutch, 
moved to a separate container (200 x 100 x 50 mm) and placed in an incubator at 30 °C 
(asynchronous- more advanced eggs) for 7 d. The remaining eight eggs (asynchronous- target 
eggs) from each clutch were kept in their original containers in an incubator at 26 °C for 7 d. 
After 7 d the eggs at 30 °C, which were now more advanced that the asynchronous- target 
eggs, were reunited with the target eggs incubated at 26 °C. One asynchronous- more 
advanced egg was positioned between two target eggs, within 10 mm of each other, i.e. not in 
direct contact (Fig. 1). Containers were incubated at 26 °C for the rest of incubation. The 
synchronous groups were set up using the same procedure, but the four randomly selected 
eggs (synchronous- not advanced eggs) were moved into a separate container and placed in 
an incubator at 26 °C for the 7 d period. The remaining eight eggs (synchronous- target eggs) 
were also incubated at 26 °C so that all eggs within the clutch were at the same 
developmental stage and therefore still synchronised when reunited. After eggs were reunited 
into original containers, they continued to be incubated at 26 °C. Each clutch was incubated 
in separate containers throughout the experiment. Containers were opened every 2-3 days to 
allow fresh air exchange throughout the incubation period until the commencement of 
pipping/hatching. Egg handling was minimal and all eggs were treated the same throughout 
incubation until euthanasia, therefore any stress induced by handling would be redundant. All 
target eggs were sacrificed for yolk analysis during the experiment, so we were not able to 
determine incubation period and whether synchronous hatching would result from the 
asynchrony set-up. To ensure asynchrony within clutches we followed the asynchrony set-up 
method used by Spencer et al. (2001), Colbert et al. (2010), McGlashan et al. (2012) and 
McGlashan et al. (2015). This method has previously resulted in synchronous hatching within 
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clutches whilst still causing a difference in incubation periods between asynchronous and 
synchronous clutches. 
 
 
 
 
Fig. 1: Incubation method- Eggs from each clutch were divided and incubated separately for 
7 d, then returned to the same containers to continue incubation at 26 °C. Asynchronous 
group- four more advanced eggs (black) were incubated at 30°C and eight target eggs (white) 
were incubated at 26 °C for 7 d. Synchronous group- four not advanced eggs (black) were 
incubated at 26 °C and eight target eggs (white) were incubated at 26 °C for 7 d. All eggs 
were then placed in 26 °C incubators until the completion of incubation. 
 
 
Assay procedure 
Yolks from 110 target eggs were used to measure concentrations of T3 and corticosterone at 
different stages of development throughout the incubation period. Each week following the 
incubation set up, one egg from each clutch was selected to monitor daily heart rate. Each egg 
was then snap frozen in liquid nitrogen, and stored at -20 °C until hormone analysis (Bowden 
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et al., 2001). Whole yolks were separated from the shell, albumin and embryo while frozen, 
and all yolks and embryos were weighed.  
 
Yolk preparation and extraction 
Yolks from each egg were thawed and homogenised. Hormone concentrations in yolk were 
determined as picogram per millilitre of yolk using hormone-specific assays. For T3 analysis, 
a 0.5 g sample of yolk was transferred to a 10 mL glass tube and combined with 0.2 mL of 
PBS (phosphate buffered solution) and vortexed for 2 min. A 0.2 g sample of yolk was 
transferred into a 5 mL glass tube and combined with 0.3 mL of PBS for corticosterone 
analysis.  
 
Triiodothyronine (T3) 
The methods of Tagawa and Hirano (1987) and Ho et al. (2011) were used to measure T3. 
Each yolk sample had 2 mL of methanol 99.93% (Sigma-Aldrich, MO, USA) added and the 
sample was vortexed for 2 min, shaken for 10 min (150 oscillations/min) and centrifuged 
(5000 rpm/4 min). The supernatant was decanted into a new 10 mL glass tube. The remaining 
precipitate in the original tube was then resuspended in 1 mL of methanol, vortexed for 2 
min, shaken for 10 min and centrifuged and the supernatant decanted into a second 10 mL 
glass tube. The two separate supernatants were given 5 mL of chloroform (CHCI3) 
(UNIVAR, APS-NSW, Australia) and 0.5 mL ammonium hydroxide (2mol l
–1
 NH4OH) each 
and were vortexed, shaken and centrifuged as above. The upper phase, consisting of the 
methanol/aqueous phase in both tubes was removed and added to a new 10 mL glass tube. 
The remaining yolk/CHCI3 in each tube was extracted again with 0.5 mL NH4OH as above 
and the upper phase from each tube was added to the methanol/aqueous pool. Each sample 
was then dried under an air stream of filtered nitrogen (N2) gas on a hot plate between 24-28 
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°C (for 4-5 h). Once dried, the sample was resuspended in 1 mL NH4OH, vortexed and 
shaken, then 1 mL of CHCI3 was added to tube, vortexed, shaken and centrifuged and the 
upper phase was decanted into a new 10 mL tube. The supernatant was then dried under an 
air stream of filtered N2 gas on a hot plate between 24-28 °C (for 2 h). To determine 
extraction efficiency a known amount of the hormone was added to an extracted yolk sample, 
vortexed and allowed to equilibrate throughout the yolk. The sample was then extracted 
following the same procedure. Dried samples were stored at -20 °C until analysis. Samples 
were resuspended in 200 μL of PBS immediately prior to analysis. 
 
Corticosterone 
Following procedures similar to Schwabl (1993) and Addison et al. (2008), corticosteroide 
was extracted with 2 mL of diethyl ether (AnalaR, Merck PTY. LTD., VIC, Australia), 
vortexed for 2 min, shaken (150 oscillations/min) for 10 min and centrifuged at 3000 rpm for 
4 min. The supernatant was decanted into a new 5 mL glass tube. The precipitate was then 
extracted two more times, again with 2 mL of diethyl ether and the last with 1 mL of diethyl 
ether, each time the sample was vortexed, shaken and centrifuged and decanted into the same 
glass tube with the pooled ether and extract. The sample was dried under a continuous air 
stream of filtered N2 gas on a hot plate at 24-28 °C. The dried extract was redissolved in 1 
mL of 90 % ethanol and stored overnight at -20 °C to allow for sedimentation of neutral 
lipids. The samples were then centrifuged and the ethanol phase was decanted from the lipid 
protein precipitate into a new glass tube. Samples were dried under filtered N2 (~ 1 h). To 
determine extraction efficiency, a known amount of the hormone was added to an extracted 
yolk sample, vortexed and allowed to equilibrate throughout the yolk. The sample was then 
extracted following the same procedure. Dried samples were stored at -20 °C until analysis. 
Prior to analysis, samples were reconstituted in ~300 µL of assay buffer provided in kits. 
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Hormone concentrations were measured by T3 in-vitro competitive enzyme-linked 
immunosorbent assay (ELISA) kits (Sapphire Bioscience, Australia- Abcam, USA) and 
corticosterone enzyme immunoassay (EIA) kits (Sapphire Bioscience, Australia- Enzo Life 
Sciences, USA) according to the instruction manuals supplied with each kit. Yolk samples 
were run in duplicate and compared to a standard curve that ranged from 0-19 pg/ml for T3 
and 32-20000 pg/ml for corticosterone. Replicate yolks were run between each assay kit to 
control for inter-assay variation. Intra-assay variation, the variation of results within the data 
set, calculated as the coefficient of variation of the standards, for T3 was 4.79 %, 4.41 %, 7.76 
%, 5.46 % and 4.17 % with an inter-assay variation, the variation of results obtained from 
repeated experiments, of 15.44 %. The intra-assay variation for corticosterone was 3.65 %, 
3.5 %, 2.71 %, 2.15 %, 5.06 % and 3.28 % with an inter-assay variation of 3.43 %.   
 
Statistical analysis 
We performed analysis of covariance (ANCOVA) in SAS (PROC MIXED; SAS, version 9.3, 
SAS Institute, Cary, NC) on differences among asynchronous and synchronous groups in 
both T3 and corticosterone hormone concentrations in yolk, using egg mass and clutch as the 
covariate (Schwabl, 1993, Bowden et al., 2001). Embryo and yolk size were expressed as a 
percentage of egg mass and were normally distributed (Shapiro-Wilks test for normality). 
The effects of treatment on embryonic growth and yolk utilisation were compared in SAS 
(PROC GLM) (unbalanced). If treatment effects were significant, then post-hoc Tukey Tests 
were used to determine where pairwise differences occurred. Linear regression analysis was 
used to examine associations between corticosterone and T3 hormone concentrations. All data 
were log-transformed before analysis to ensure linearity in the models. Examination of 
residuals ensured that all assumptions of univariate parametric statistics were met (Scheiner, 
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2001). Statistical significance was determined at the 0.05 Type I error level, and 
untransformed data are presented in the figures as the mean ± SE.   
 
Results 
Corticosterone 
Extraction efficiency was 73 ± 2.5 % for corticosterone (n = 4), which are comparable to 
corticosterone hormone extraction techniques by Schwabl (1993). In E. macquarii, 
corticosterone concentrations in the yolk of embryos were not significantly different between 
asynchronous and synchronous treatment groups (F1,88 = 1.6, p = 0.2093; Fig. 2). There was a 
significant difference in age of embryo and concentration (F8,88 = 10.39, p = <0.0001), but not 
until the final week of incubation where concentration increased significantly in both 
asynchronous and synchronous groups, and there was no interaction effect of treatment and 
age (F8,88 = 0.82, p = 0.5873). Corticosterone concentrations ranged from 521 to 1261 pg/g of 
yolk in asynchronous groups and 418-887 pg/g in synchronous groups within the first 31 days 
of incubation. Corticosterone then gradually increased to concentrations of 1305-2109 pg/g 
and 1275-2145 pg/g respectively from day 38 to 52 before reaching a post hatching high of 
7058 pg/g in asynchronous clutches and 5400 pg/g in synchronous clutches. Corticosterone 
concentrations of asynchronous and synchronous clutches at day 57 were significantly higher 
than at day 52 of incubation (asynchronous; t88 = -7.99, p < 0.0001; synchronous; t88 = -8.99, 
p < 0.0001). 
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Fig. 2: LSMeans of corticosterone concentrations (pg/g) of embryonic Emydura macquarii 
embryos throughout incubation in asynchronous (dark grey) and synchronous (light grey) 
clutches. Letters indicate significant pairwise differences among treatments within each 
measurement (asynchronous; t70 = -8.05, p < 0.0001; synchronous; t70 = -5.32, p < 0.0001) ± 
SE. Numbers above columns represents sample size, N = 107. 
 
 
Triiodothyronine (T3) 
Extraction efficiency was 86 ± 3.1 % (mean and SE) for T3 (n = 6). These recoveries are 
comparable to thyroid hormone extraction techniques by Wilson and McNabb (1997). 
Triiodithyronine concentrations in the yolk of developing embryos did not differ between 
asynchronous and synchronous groups throughout incubation, ranging from 4-10 pg/g (F1,88 = 
0.38, p = 0.5406; Fig. 3). Age of embryo did not affect concentration (F8,88 = 1.66, p = 
0.1189) and there was no interaction effect of treatment and age (F8,88 = 0.6, p = 0.7760). 
There was a slight increase from 6-12 pg/g in the yolk of eggs at day 52 and 57 of incubation 
but this increase was only significant in asynchronous groups from day 45 to 52 (t70 = -2.24, 
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p = 0.0278), and not in synchronous groups (t70 = -0.72, p = 0.4705). There was no significant 
correlation between corticosterone and T3 concentrations throughout the incubation period 
(F1,67 = 0.2, p = 0.6565, R
2
 = 0.003). 
 
 
 
Fig. 3: LSMeans of triiodothyronine concentrations (pg/g) of embryonic Emydura macquarii 
embryos throughout incubation in asynchronous (dark grey) and synchronous (light grey) 
clutches. Letters indicate significant pairwise differences within each measurement 
(asynchronous; t70 = -2.24, p = 0.0278) ± SE. Numbers above columns represents sample 
size, N = 108. 
 
 
Incubation period 
The incubation period of asynchronous- more advanced eggs and synchronous- not advanced 
eggs was different. Asynchronous- more advanced eggs pipped 4 d earlier than the 
synchronous- not advanced eggs (F1,15 = 4.54, p < 0.0001; Fig. 4). 
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Fig. 4: Mean incubation period of asynchronous- more advanced eggs and synchronous- not 
advanced eggs, ± SE, N = 67. Letters indicate significant pairwise differences between 
asynchronous and synchronous groups (F1,15 = 4.54, p = < 0.0001). 
 
 
Yolk and embryo mass 
Yolk sac mass varied from 0.4 - 5.0 g and embryo wet mass ranged from 0.005 - 6 g, 
depending on stage of development when frozen. Treatment group did not affect yolk mass 
(F1,56 = 1.77, p = 0.1889; Fig. 5a & b) or embryo mass (F1,42 = 0.02, p = 0.8845; Fig. 5a & b). 
Yolk mass was not affected by egg mass (F1,56 = 1.8, p = 0.1854) and there was no interaction 
effect between treatment and egg mass (F1,56 = 1.34, p = 0.2523). The age of the embryo did 
affect yolk mass size (F8,56 = 6.64, p = <0.0001), but there was no interaction effect of egg 
mass and age (F8,56 = 1.08, p = 0.3935), or age and treatment (F8,56 = 0.51, p = 0.8442), nor 
was there an effect of egg mass, age and treatment (F8,56 = 0.5, p = 0.8493).  
 
Embryo mass was affected by egg mass (F1,42 = 19.91, p = <0.0001) as well as age of the 
embryo (F6,42 = 29.27, p = <0.0001) and there was an interaction effect of egg mass and age 
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(F6,42 = 4.27, p = 0.0019). There was no interaction effect between egg mass and treatment 
(F1,42 = 0.05, p = 0.8282), age and treatment (F6,42 = 0.14, p = 0.9907) and no significant 
interaction between egg mass, age and treatment (F6,42 = 0.17, p = 0.9844). 
 
 
 
 
 
Fig. 5: LSMeans of yolk mass (dark grey) and embryo mass (light grey) ratio throughout 
incubation a) asynchronous b) synchronous. Yolk; N = 110, embryo: N = 86. 
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Discussion 
T3 and corticosterone concentrations increased in the yolk of the developing embryos in both 
the asynchronous and synchronous clutches towards the end of incubation. The peak in 
concentration in both hormones coincided with hatching. Corticosterone significantly 
increased by day 57 of incubation (pipping commencing from day 60), reaching a peak 
concentration prior to hatching, a pattern also seen in chickens (Kalliecharan and Hall, 1974). 
The peak is thought to result from an increased number of secretary cells in the adrenal cortex 
mid-way through incubation. The adrenal axis begins to synthesise and secrete corticosterone 
into the plasma of chicken embryos 40-50% of the way through incubation (Pedernera, 1972; 
Kalliecharan and Hall, 1974) and becomes the primary secretor of steroids 70% of the way 
through incubation (Kalliecharan and Hall, 1974). An increase in concentration is correlated 
with increased stress (Wingfield and Ramenofsky, 1999) and is linked with physiological and 
behavioural responses that help regulate energy storage and utilisation (Dallman and 
Bhatnagar, 2010). This also coincides with the secondary stage of development in reptiles, 
when there is a high requirement for corticosterone for tissue growth and they are preparing 
to breath (Medler and Lance, 1998), which involves the lungs to change from non-
functioning fluid-filled organs to being able to eliminate fluid and exchange gas (Thompson, 
2007; Mortola, 2009). Treatment with corticosterone also increases   O2 in lizards (Miles et 
al., 2007; DuRant et al., 2008; Meylan et al., 2010), so it is probable that the increase in 
corticosterone correlates with the change in respiration method.  
 
There was no difference in yolk T3 concentrations between asynchronous and synchronous 
groups throughout incubation, but there was an increase in concentration at days 52 and 57. 
The increase was significant in asynchronous groups from day 45 to 52 and suggests that the 
increase in hormone might not have any biological significance for metabolic compensation, 
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but might be important for hatching (Chapter 4). The spike in T3 in the final 2 weeks of 
incubation in E. macquarii indicates an age effect on hormone concentration. A similar spike 
in thyroid hormones happens late in development, prior to hatching in crocodiles 
(Shepherdley et al., 2002). The increase is timed with the final stages of development, and the 
period where metabolic compensation occurs, but might only be important for developmental 
processes leading up to hatching, and hatching itself. 
  
The vitelline vasculature is responsible for the transfer of hormones and minerals from the 
yolk to the embryo (Richards, 1991; Richards, 1997; Moore and Johnston, 2008), and there is 
potential for a bidirectional transfer (Richards, 1997). The yolk sac membrane is thought to 
be an active barrier between the embryo and its yolk stores, and has the ability to concentrate, 
store, and transfer trace minerals from the yolk. Transfer back to the yolk is also active, as in 
the bidirectional transfer of calcium (Simkiss, 1991; Packard and Clark, 1996). The sudden 
increase in corticosterone and T3 hormone concentrations in the yolk of E. macquarii, prior to 
hatching, could be due to the embryos own production of hormones (Jennings et al., 2000). 
Thus, maternal hormones stored in the yolk are not the sole source of hormones influencing 
the embryo. The embryo is producing its own hormones and the increase in the yolk could be 
due to transfer of embryonic hormones into the yolk via the vitelline circulation late in 
development (Richards, 1991; Richards, 1997; Moore and Johnston, 2008).  
 
The mechanisms that underlie metabolic compensation are unknown, and it appears that 
corticosterone and thyroid hormones are not the triggers. There was no difference between 
asynchronous and synchronous groups throughout incubation suggesting both hormones are 
not the mechanism for metabolic compensation. There was a similar trend in both 
corticosterone and T3 concentrations at the end of incubation. During development, release of 
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corticosterone is one of the primary mechanisms used to re-establish homeostasis during 
stressful events (Scott et al., 1981; Tona et al., 2003; Spencer et al., 2005). Embryonic stress 
responses trigger changes in corticosterone concentrations, and can increase circulating 
thyroid hormone triiodothyronine (T3) because it is linked to the conversion of thyroxine (T4) 
to T3 in avian embryos (Decuypere et al., 1983; Meeuwis et al., 1989). Similar patterns of 
increased corticosterone and T3 concentrations occur during development in anurans, with 
both hormones having supporting roles in metamorphosis (Kikuyama et al., 1993; Becker et 
al., 1997; Brown, 1997; Hayes, 1997; Fort et al., 2007), for example, during limb 
development (Kikuyama et al., 1993; Hayes, 1997). Corticosterone and T3 have very similar 
biological effect on metabolism and neuromuscular development. Both hormones, which 
increase in embryonic circulation late in development, are required for yolk absorption, egg 
emergence and post hatching performance and survival (Dimond, 1954; Wikelski et al., 1999; 
Miles et al., 2007).  
 
There was no significant difference in the hormone concentrations between asynchronous and 
synchronous groups throughout incubation, and there was a correlation between increased 
hormone concentrations during the last 14 days of incubation and hatching time. It is likely 
that these hormones are responsible for synchronous hatching in freshwater turtles due to 
their strong physiological effects during stressful environments and their influence on 
development and hatching time (Kalliecharan and Hall, 1974; McNabb et al., 1981; 
Wentworth and Hussein, 1985; McNichols and McNabb, 1988; McNabb, 1992 ; McNabb and 
King, 1993a; Medler and Lance, 1998; Wikelski et al., 1999; Shepherdley et al., 2002; Weiss 
et al., 2007). It is not clear when this increase begins and identifying when it occurs would 
require more regular yolk analysis. Both thyroid and corticosterone hormones are necessary 
for hatching and increase towards the end of incubation as part of their function for preparing 
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the embryo for life outside of the egg (Dimond, 1954; Hylka and Doneen, 1983; Wentworth 
and Hussein, 1985; Medler and Lance, 1998; Shepherdley et al., 2002). 
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CHAPTER 6 
 
GENERAL DISCUSSION 
 
Environmentally cued hatching has been reported in up to 41 species of reptiles, some 
showing multiple mechanisms (Doody, 2011). The range of mechanisms already known is 
diverse among species, as is the current understanding of the physiological and evolutionary 
causes. Three current mechanisms of synchronous hatching in freshwaters turtles are 
observed, delayed hatching, early hatching and metabolic compensation. This study focused 
on two of the mechanisms, early hatching and metabolic compensation. Temperature induced 
developmental differences between clutch-mates during embryogenesis alter developmental 
rate and incubation periods of embryos (Thompson, 1988; Deeming and Ferguson, 1991; 
Thompson, 1997), but the Murray short-necked turtle (Emydura macquarii) and the painted 
turtle (Chrysemys picta) still hatch synchronously. The mechanism utilised by E. macquarii 
was already understood but not that of C. picta. I aimed to identify the mechanisms of 
synchronous hatching in two geographically different species of freshwater turtles, the 
eastern long-necked turtle (Chelodina longicollis) and C. picta, as populations of both species 
often overwinter in the nest, and compare the findings to what is already known in E. 
macquarii to further support the evolutionary perspective of synchronous hatching. 
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Mechanisms and evolutionary significance of synchronous hatching 
The mechanisms of synchronous hatching in C. longicollis are similar to those of E. 
macquarii. Chelodina longicollis hatches synchronously through metabolic compensation, 
evident through diel heart rates of embryos and residual yolk sac size of hatchings 
(McGlashan et al., 2015; chapter 2). Although some populations may overwinter in the nest 
(Roe and Georges, 2007), embryos adjust their heart rates during development and hatch 
without any phenotypic disadvantage in size or performance, which is important for 
immediate emergence from the nest. Metabolic compensation is correlated with reduced 
residual yolk reserves, as seen in E. macquarii (McGlashan et al., 2012). Synchronous 
hatching through metabolic compensation favours early emergence from the nest, but if 
overwintering occurs in C. longicollis, reduced yolk reserves could be detrimental to their 
energy supply until emergence in spring and ultimately survival. To understand the 
evolutionary significance of a particular trait, more must be known about the life history, 
ecology and behaviour of the species and unfortunately not enough is known about 
overwintering in Australian turtles, but observations have only been recorded in the cool, 
southern areas of the country (Parmenter, 1985; Kennett, 1999).  
 
Synchronous hatching via early hatching occurs in C. picta as there is no evidence of 
metabolic compensation (Chapter 3). Many populations of C. picta in North America 
overwinter in the maternal nest (Gibbons, 2013). Overwintering ensures a better chance of 
survival from the environmental and physiological risks that come with emerging prior to 
winter. Winter is a critical time for hatchling survival in C. picta as nest temperatures can 
drop below -10 °C (Packard and Packard, 2004). Hatching early ensures an optimal 
overwintering position in the nest to reduce the chance of mortality from freezing, 
dehydration and starvation from loss of energy reserves (Gibbons and Nelson, 1978; Packard, 
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1997; Costanzo et al., 1999; Spencer and Janzen, 2014). Synchronous hatching in C. picta is 
a result of hatching early (Colbert et al. 2010). Chrysemys picta is not affected by hatching 
early (Chapter 3), but previous studies show poor performance ability immediately after 
hatching and several months later (Colbert et al., 2010). Seasonal nest conditions and 
maternal nest site choice can have different impacts on developmental rates of embryos 
(Thompson, 1988) and could result in greater asynchrony between clutch-mates. The level of 
asynchronous development that was induced in my study (Chapter 3) and Colbert et al. 
(2010) differed and may have caused the difference in hatchling performance post hatching. 
This could indicate that the earlier in development that the embryo is triggered to hatch in 
relation to its more advanced clutch-mates, the more likely the hatchling will suffer 
performance costs. Temperature variations are inevitable and ideally, less variation in a nest 
is better for neonates, but regardless of any asynchrony in developmental rates, hatching 
synchrony will still occur in these species.  
 
Although metabolic compensation is a benefit to species that regularly display group 
emergence, it comes at a cost to the individual. Emydura macquarii embryos that are 
stimulated to hatch synchronously catabolise more yolk reserves during incubation, resulting 
in smaller residual yolk sacs at hatching but no difference in hatchling size (McGlashan et al., 
2012). Chelodina longicollis hatchlings that metabolically compensate during incubation 
hatch with significantly smaller yolk sacs (McGlashan et al., 2015; Chapter 2). Yolk reserves 
are necessary for post hatching growth and development (Radder et al., 2002; Radder et al., 
2004; McGlashan et al., 2012) but, for E. macquarii and C. longicollis, optimal performance 
for group emergence requires a tradeoff of reduced yolk reserves. This same strategy would 
not be favoured in C. picta because hatchlings typically remain in the nest overwinter, and 
utilising yolk reserves prior to hatching could be detrimental to their survival in the nest 
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(Willette et al., 2005). Although temperatures can drop below freezing, embryos still 
metabolise yolk in the nest (Willette et al., 2005; Spencer and Janzen, 2014). Overwintering 
of C. picta favours cooler conditions for males and warmer conditions for females for 
metabolising yolk reserves. If the overwintering condition is atypical to the preferred 
condition, then embryos can use up to 50% more of their yolk stores (Spencer and Janzen, 
2014). Thus, it is more viable for C. picta to hatch early and less developed to gain an 
optimal position in the nest than it is to metabolise valuable energy stores and hatch fully 
developed. 
 
Circadian rhythms in heart rates are evident in embryonic E. macquarii (Loudon et al., 2013), 
C. longicollis (McGlashan et al., 2015; Chapter 2) and C. picta (Chapter 3). Heart rates 
during embryonic development show periods of peaked and reduced activity that deviate 
from the mean heart rate over a 24 h period. Deviations from the mean indicate metabolic 
compensation through either positive or negative compensatory changes in embryo 
metabolism. Circadian rhythms in C. longicollis embryos show that positive metabolic 
compensation occurs within asynchronous clutches (McGlashan et al.,2015; Chapter 2), but 
the lack of positive compensatory changes in the heart rates of embryonic C. picta in similar 
conditions further supports early hatching as opposed to metabolic compensation (Chapter 3). 
Heart rates are not fixed and environmental conditions merely determine the limits of heart 
rate and thus developmental rate (Loudon et al., 2013; McGlashan et al., 2015). Circadian 
rhythms within embryonic heart rates are a recent discovery in freshwater turtles and could be 
a potential mechanism for embryonic communication within the nest (Loudon et al., 2013; 
McGlashan et al., 2015), making group environments necessary for synchronous hatching, 
particularly in the final 2 weeks of incubation (McGlashan et al., 2015; Chapter 2). Eggs 
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incubate in close contact with each other and heart rates could be detected and used to 
determine the developmental stage of clutch-mates, thus mediating synchrony of hatching.  
 
The cues that trigger synchronous hatching vary among species and appear to be driven by 
different abiotic and biotic factors (Webb et al., 1986; Thompson, 1989; Doody et al., 2001; 
Spencer et al., 2001; Colbert et al., 2010; Spencer and Janzen, 2011). Cues within a nest that 
trigger synchronous hatching might be heart rates, CO2 concentrations in the nest (Spencer et 
al., 2001; Spencer and Janzen, 2011) or acoustic communication through stridulation, 
vibration and audible clicks (Vergne et al., 2009; Ferrara et al., 2013; Ferrara et al., 2014). 
Embryos of both C. longicollis and E. macquarii have greater variation in incubation period 
when incubated individually (Loudon, 2015; McGlashan et al., 2015; Chapter 2), 
demonstrating the importance of group environments during incubation and the potential for 
embryonic communication. Embryos are able to communicate developmental stage within a 
nest and either hatch early or metabolically compensate, and the crucial period for signalling 
and responding to cues in the nest is the final two weeks of incubation (McGlashan et al., 
2015).   
 
Physiological and endocrine mechanisms 
For metabolic compensation to occur during development, a physiological change within the 
body must occur. Hormones are likely candidates for these changes and in particular thyroid 
and glucocorticoid hormones. Both thyroid and glucocorticoid hormones have the potential to 
stimulate metabolic compensation and synchronous hatching in freshwater turtles due to their 
strong physiological effects and their influence on metabolism and hatching time (Dimond, 
1954; Kalliecharan and Hall, 1974; Wentworth and Hussein, 1985; McNichols and McNabb, 
1988; McNabb and King, 1993; McNabb and Wilson, 1997). Thyroid hormones regulate 
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embryonic development, growth, and metabolism in animals (Himms-Hagen, 1976; Dauncey, 
1990; Silva, 2001; Hollenberg and Forrest, 2008) but the application of exogenous 
triiodotyronine (T3) during embryonic development in E. macquarii does not affect heart rate, 
  O2 or total metabolic expenditure during incubation. An increase in T3 does, however, have 
a significant effect on incubation period. Increased T3 causes neonates to hatch earlier than 
expected and with no developmental cost, which suggests that embryonic development is 
completed (Chapter 4). Triiodothyronine is an important hormone for hatching and could be 
important for increasing developmental rate to hatch synchronously, but does not incur a 
metabolic cost. 
 
Metabolic compensation may be a due to a stress response in embryos and both thyroid and 
the glucocorticoid (corticosterone) hormones could stimulate this. Analysing both T3 and 
corticosterone during incubation where asynchronous development of eggs has been induced 
does not show any significant difference between less advanced and more advanced embryos 
and therefore does not appear to be stimulating metabolic compensation (Chapter 4 and 5). 
Triiodothyronine and corticosterone concentrations increased in the yolk of the developing 
embryos towards the end of incubation in both treatment groups, which coincides with 
hatching (Chapter 5). The increase in T3 and corticosterone might not have any biological 
significance for metabolic compensation, but they are important for hatching. The spike in T3 
and corticosterone in the final 2 weeks of incubation in E. macquarii also occurs prior to 
hatching in crocodiles (Shepherdley et al., 2002) and chickens (Kalliecharan and Hall, 1974). 
There is a correlation between patterns of thyroid hormones and corticosterone during 
development in metamorphosis in anurans (Kikuyama et al., 1993; Becker et al., 1997; 
Brown, 1997; Hayes, 1997; Fort et al., 2007), and corticosterone is linked to the conversion 
of thyroxine (T4) to T3 by deiodination in birds (Decuypere et al., 1983; Meeuwis et al., 
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1989). The increase in both hormones prior to hatching may only be important for preparing 
to hatch, including yolk absorption and the change to neonatal respiration, and hatching itself, 
such as egg emergence and post hatching performance (Dimond, 1954; Wikelski et al., 1999; 
Miles et al., 2007). 
 
Increased concentrations of T3 does alter incubation period and development with neonates 
hatching earlier and more developed relative to controls (Chapter 4). Triiodothyronine 
concentrations significantly increase two weeks prior to hatching in embryos that are 
developing in asynchronous clutch environments (Chapter 5). Although the increased thyroid 
hormones in the embryos yolk do not stimulate metabolic compensation through increased 
  O2, thyroid hormones are important for embryonic development and hatching. 
 
Concluding remarks 
Embryonic development is complex and the environment in which embryos develop can 
influence hatching behaviour. There is a level of developmental plasticity that allows 
embryos to hatch synchronously but this is different among species. Also different are the 
abiotic and biotic forces that have driven the evolution of synchronous hatching through 
metabolic compensation and early hatching. Metabolic compensation in E. macquarii and C. 
longicollis is a remarkable trait that enables synchronous hatching with no developmental or 
performance costs, essential for predator avoidance and the survival of hatchings when 
digging out of a nest and traversing to the water. There is a trade-off of reduced energy 
reserves required to sustain the hatchling for the first few days after leaving the nest, but this 
is not an immediate concern for survival, unless hatchlings overwinter in the nest. Early 
hatching in C. picta does not benefit from the loss of yolk reserves as overwintering in the 
nest requires embryos to have enough energy to sustain the metabolic requirements until 
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emergence in the following spring. Chrysemys picta hatches early, which may result in 
reduced performance in some cases, but as long as an optimal overwintering position to avoid 
freezing is gained and embryos have enough energy stores, then chances of survival for the 
hatchling are greatly increased. Comparing mechanisms of hatching in populations that 
overwinter in the nest and emerge soon after hatching in both C. longicollis and C. picta 
would help untangle the current confusion in the evolutionary significance of specific 
hatching behaviours.  
 
Endogenous thyroid hormone and glucocorticoids in the developing embryo do not stimulate 
synchronous hatching in E. macquarii. Although T3 is linked to an acceleration of 
development that results in a reduction in incubation period, it did not appear to increase 
heart rate,   O2 or total metabolic expenditure of embryos or result in any compensatory 
effects. Thyroid hormones and glucocorticords are necessary for hatching and possibly 
synchronous hatching in freshwater turtles but most likely only for preparation of life outside 
of the egg and the hatching event.  
 
This thesis describes two different mechanisms of synchronous hatching in turtles, metabolic 
compensation and early hatching. There is now a greater understanding of the evolutionary 
significance of synchronous hatching on a geographic scale and I have demonstrated how 
each mechanism of synchronous hatching could relate to individual biological and ecological 
functions (predator avoidance and overwintering). More broadly, I have identified the 
importance of group environments as a mechanism of embryonic communication that could 
stimulate synchronous hatching. There are still many questions that can be addressed, in 
terms of ECH and the hatching cues within nests that stimulate metabolic compensation or 
early hatching. Of particular interest are the physiological mechanisms and endocrine 
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responses and how hormones might be altering development and behaviour. Although there 
is no difference in T3 and corticosterone concentrations during asynchronous development, 
there is a clear physiological response to increased T3 and a significant increase in hormone 
concentration in the embryos that are less advanced in a clutch. It is possible that thyroid 
hormones could still trigger accelerated development as seen in metabolic compensation via 
an alternative pathway, but further investigation into the effects on specific organs, i.e. heart 
and lungs, in turtles is required. 
 
Finally, this thesis shows that the mechanisms driving synchronous hatching in E. macquarii, 
C. longicollis and C. picta differ from each other and could have evolved independently. 
Geographic, environmental and genetic factors unique to populations can all influence ECH. 
Thermal gradients that cause asynchronous development between embryos are the norm in 
freshwater turtle nests. If we can determine the minimum and maximum extremes of 
asynchrony and the effects it has on development and hatching mechanisms, we might be 
able to predict the long-term behavioural, biological and ecological effects that may occur as 
a result of varying climatic conditions. Phenotypic plasticity means traits will be adapted to 
withstand changing conditions and selection of the optimal trait (e.g. early/delayed/metabolic 
compensation/synchronous) may be unique to ECH behaviour in reptiles. Plasticity in 
development may also be why we see such versatility in hatching behaviour and why some 
species display multiple forms of ECH behaviour in the present day.  
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Variable temperatures within a nest cause asynchronous development within clutches of freshwater turtle
embryos, yet synchronous hatching occurs and is thought to be an important survival strategy for hatchlings.
Metabolic compensation and circadian rhythms in heart rates of embryonic turtles indicate the potential of com-
munication between embryos in a nest. Heart rateswere used to identifymetabolic circadian rhythms in clutches
of an Australian freshwater turtle (Chelodina longicollis) and determinewhether embryosmetabolically compen-
sate and hatch synchronously when incubated in asynchronous environments. The effects of a group environ-
ment during incubation on egg development and incubation period were also investigated during the final
3 weeks of development. Chelodina longicollis hatch synchronously and metabolically compensate so that less
advanced embryos catch up to more advanced clutch-mates. Heart rates of embryos remained stable from
week 4–7 in asynchronous (M = 89 bpm) and synchronous (M = 92 bpm) groups and declined in the final
2 weeks of incubation (M = 72 and 77 bpm). Circadian rhythms were present throughout development and
diel heart rates of embryos in asynchronous groups showed less deviation from the mean (M = −0.5 bpm)
than synchronous groups (M=−4 bpm). Eggs incubated in groups had a significantly shorter incubation period
than eggs incubated individually. Phenotypic traits including size, performance, and growth of all hatchlings
were not affected. Egg position within a turtle nest is important for coordinating development throughout incu-
bation and facilitating synchronous hatching.
© 2015 Elsevier Inc. All rights reserved.
1. Introduction
Environment affects embryonic development of an organism and al-
ters offspring fitness and survival, including variations in an individual's
behavior, physiology, morphology, performance, and phenotypic char-
acteristics (Deeming and Ferguson, 1991; West-Eberhard, 2003; Mona-
ghan, 2008). Collectively, these variations are referred to as phenotypic
plasticity (Price et al., 2003;Doody, 2011). Intrinsic and extrinsic factors,
such as timing of ovulation, nutrient acquisition, and dissimilar thermal
environments in the nest, cause variation in development and incuba-
tion period of the embryo (Deeming and Ferguson, 1991). Environmen-
tal conditions, such as temperature, influence embryonic development,
including incubation length (Deeming and Ferguson, 1991; Booth,
1998; Monaghan, 2008), sex determination (TSD) (Yntema, 1968,
1978; Bull and Vogt, 1979; Bull, 1985), and physiological changes i.e.
metabolic rate (developmental rate and cardiovascular function) of
embryos (Packard and Packard, 1988; Du et al., 2009, 2010b). In natural
nests of pleurodiran (side-necked) turtles, temperature fluctuates daily
and results in a temperature gradient that varies up to 6 °C between
the top and the bottom of the nest. Eggs at the top experience greater
shifts in temperature and are warmer for more than 75% of the day
(Thompson, 1988, 1997). Temperature determines the length of
incubation, with warmer incubation temperatures resulting in higher
embryonic metabolic rate, including cardiac function, the number of
heart beats, and faster development (Birchard and Reiber, 1996; Du
et al., 2009) than do cooler temperatures (Packard and Packard, 1988;
Deeming and Ferguson, 1991; Monaghan, 2008).
Despite the environmental influence of temperature on incubation
length, many avian and reptilian embryos are capable of altering their
development and hatching time (Hoyt, 1979; Vleck et al., 1980;
Thompson, 1989; Du et al., 2011; McGlashan et al., 2012). Embryos
have the ability to alter time of hatching in relation to environment
through phenotypic plasticity (Packard and Packard, 2000; Doody,
2011; Spencer and Janzen, 2011). A recent focal point for embryonic
studies, and in particular reptilian embryos, is environmentally cued
hatching (ECH) (Warkentin and Calswell, 2009). ECH can increase
an individual's chance of survival through a tradeoff between risks
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(Gomez-Mestre et al., 2008;Warkentin and Calswell, 2009). Phenotypic
plasticity facilitates ECHwhere embryos can hatch early, delay hatching,
or hatch synchronously in response to environmental conditions. These
behaviors are not mutually exclusive and some species show multiple
forms of ECH (Warkentin and Calswell, 2009; Doody, 2011).
The event and timing of hatching can affect survival of offspring both
immediately (risk of predation) and in the future (resource availability,
size, and performance of individual) (Spencer and Janzen, 2011). Fully
developed pig-nosed turtle (Carretochelys insculpta) embryos delay
hatching until the onset of the wet seasonwhen nests become inundated
with water, causing spontaneous hatching of all eggs in the nest (Webb
et al., 1986;Doody et al., 2001). Embryos hatch synchronously in response
to hypoxia caused by flooding or vibrations frommovement of hatchlings
(Doody et al., 2012). Conversely, the Murray short-necked turtle
(Emydura macquarii), and the North American painted turtle (Chrysemys
picta) hatch synchronously by either catching up or hatching premature-
ly. E.macquarii embryos increasemetabolic rates throughout the last third
of development to catch up and hatch at a similar developmental stage to
more advanced clutch-mates. Metabolic compensation does not affect
hatchling size and performance immediately and up to 5 months post
hatching (Spencer et al., 2001; McGlashan et al., 2012). Less advanced
embryos of C. picta also hatch prematurely in response to more advanced
siblings, butmetabolic compensation is not apparent, in terms of neonatal
performance post hatching (Colbert et al., 2010).
The cardiovascular system is vital for oxygen and nutrient delivery
during development (Birchard and Reiber, 1996; Tazawa, 2005;
Monaghan, 2008). Heart rate of precocial embryos is dependent on tem-
perature and stage of development (Cain et al., 1967; Tazawa, 2005)
and is used as an indicator for metabolic rate in avian and reptilian em-
bryos (Ar and Tazawa, 1999; Pearson and Tazawa, 1999; Tazawa, 2005;
Du et al., 2009, 2010b, 2011). Metabolic rate, or heart rate, can show cir-
cadian rhythm which can be endogenously driven over a 24 h period.
Within a nest of buried eggs, where there are no external signals such
as daylight, rhythms can be variable and lacking any temporal organiza-
tion (Laposky et al., 2008). Embryonic reptiles show circadian rhythms
in metabolic rates during incubation in the absence of environmental
cues. Circadian rhythms occur in rates of oxygen consumption in groups
of embryonic snakes (Dmi'el, 1969) and in heart rates of turtle embryos
(Loudon et al., 2013). Metabolic compensation and synchronized circa-
dian rhythms could suggest that there is communication between em-
bryos within a clutch during development, but how individuals
communicate developmental stage is unknown. For eggs that are incu-
bating in close contact, there is potential for individuals to detect heart
beats of siblings and adjust developmental rates accordingly. Prelimi-
nary data suggest that eggs of E. macquarii incubated in groups have
less variation in heart rates and incubation periods are significantly
shorter compared to eggs incubated in isolation (Loudon et al., un-
published data). The aim of this study was to further explore the phe-
nomenon of ECH that's evidently increasing in reported occurrences.
We aim to identify, if hatching synchrony occurs in the Australian
chelid, Chelodina longicollis, and the mechanisms utilized (metabolic
compensation and circadian rhythms). If C. longicollis hatches synchro-
nously through metabolic compensation, it should be evident in the
diel patterns of embryonic heart rates and incubation periods of embry-
os incubated next to more advanced eggs. We also aim to test the effect
of eggpositioningwithin anest during incubation.Eggs that are incubated
in groups will have a shorter incubation period and hatch synchronously
compared to eggs incubated individually, due to the potential for
embryo–embryo communication.
2. Materials and methods
2.1. Study species
Chelodina longicollis has a wide distribution in southeastern Australia.
It occupies shallow, transient waterholes, remote water bodies, and
permanent rivers (Chessman, 1988). Females may travel 500 m or more
to nest (Cann, 1998; Kennett, 1999; Kennett et al., 2009) and predation
on nests is high (Thompson, 1983; Beck, 1991). Clutch sizes vary between
6 and 23 eggs, each egg weighing between 4 and 8 g. Natural incubation
and emergence takes from110 to 150 d,with overwintering of hatchlings
in the nest in populations in southern Australia (Parmenter, 1985).
Female C. longicollis were captured from the Hawkesbury region,
New South Wales (−33.61°S, 150.75°E) from 1 to 14 November 2011
using lobster and cathedral traps. Females were palpated and all gravid
females were given a subcutaneous injection of oxytocin (1 mL/kg)
(Spencer et al., 2001) to stimulate oviposition. Females were then
placed in water in individual containers in a quiet dark room. Eggs
were collected from containers over a period of 5 to 24 h, weighed
and individually marked in order of oviposition using a HB pencil.
Eggs were then placed in containers with moist vermiculite and kept
cool until all eggs from the clutch were collected (Spencer et al., 2001;
Colbert et al., 2010). A total of 20 clutches of 6–12 eggs were collected
for the asynchrony experiment and 5 clutches of 7–10 eggs for the egg
positioning experiment. Prior to release, all females were palpated to
ensure all eggs were laid; three of the 20 females were injected twice
to complete oviposition.
2.2. Incubation methods
Eggs were half buried in a mixture of vermiculite and deionized
water (1:1) and incubated in clear plastic containers (200 × 100 ×
50 mm). Eggs were removed from containers weekly and vermiculite
and water mixture was weighed and rehydrated to maintain water po-
tential of vermiculite. The initialweight of the container and vermiculite
were used to account for evaporation and net water gain from the eggs.
Containerswere also rotatedweeklywithin environmental chambers to
counteract potential thermal gradients (Janzen, 1993; Colbert et al.,
2010).
2.2.1. Asynchrony experiment
Six eggs from each of the 20 clutches were used for this experiment.
Asynchrony within clutches of C. longicolliswas established in 10 of the
clutches at the beginning of the experiment using protocols similar to
Spencer et al. (2001) and Colbert et al. (2010). To establish develop-
mental asynchrony, two of the six eggs fromeach clutchwere incubated
at 30 °C and the remaining four eggs were incubated at 26 °C for 8 d.
After 8 d, the four eggs incubated at 26 °C were reunited with the two
more advanced eggs at 30 °C and positioned so that they were not in
contact but were within 10 mm of each other. The two more advanced
eggs were placed between the four eggs incubated at 26 °C. We refer to
this group of eggs as the ‘asynchronous’ group as eggs will be at dif-
ferent developmental stages (Fig. 1). The remaining 10 clutches were
used as the ‘synchronous’ groups andwere set up using the same proce-
dure, with the two not advanced eggs being incubated at 26 °C for the
8 d period. The remaining four eggs were also incubated at 26 °C so
that all six eggs are still at the same developmental stage and therefore
synchronized when reunited (Spencer et al., 2001). After eggs were
reunited into containers, containers were placed in a 30 °C incubator
until development was completed. Each clutch was incubated in
separate containers throughout the experiment. Heart rates of em-
bryos from asynchronous and synchronous groups were monitored
weekly and containers were opened every 2–3 d to allow fresh air
exchange throughout the incubation period until the commence-
ment of pipping/hatching.
2.2.2. Egg position: Group vs individual incubation experiment
Clutches consisting of 7–10 eggswere used in an egg positioning ex-
periment. Each clutch was incubated in a single container at 26 °C for
the first 9 weeks. After 9 weeks, each clutch was divided into a group
of three or four eggs and all remaining eggswere separated into individ-
ual containers. Grouped eggs were moved into a new container of the
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same size and individuals were each moved into new, smaller con-
tainers (100× 100 × 50mm) to complete the final two to 3weeks of in-
cubation. Containers of grouped and individual eggs were put back into
26 °C incubators to complete incubation.
2.3. Heart rates: Asynchronous experiment
Heart rates were taken on the four eggs that were incubated next to
the more advanced eggs in the asynchronous groups and the not ad-
vanced eggs in the synchronous groups. All results relating to heart
rates will be referring to those four eggs in both asynchronous and syn-
chronous groups. Heart rates, recorded as beats per minute (bpm), of
embryos from both asynchronous and synchronous groups were mea-
sured to determine 1) heart rate profile, 2) circadian rhythm, and
3) metabolic compensation. Heart rates were used to infer metabolic
rate (Wallace and Jones, 2008; Du et al., 2009) of embryos and identify
any difference between asynchronous and synchronous groups. One of
the four eggs from each clutch was selected to measure heart rate
over 24 h at 4 time intervals (5:00, 11:00, 17:00, and 23:00 h), once a
week. Eggs were removed from the incubation container and immedi-
ately placed in a Buddy digital egg monitor system (Avian Biotech, En-
gland) in complete darkness. Buddy monitors provide a non-invasive
method to sense and amplify cardiovascular signals of an embryo
using variations of infrared radiation intensity that is absorbed and
reflected by arterial vasculature (Lierz et al., 2006). Eggs were placed
in monitors and three readings were taken when heart rates stabilized
(within 2min). Carewas taken not to exceed this time due to the poten-
tial heating effect from the Buddy system (Sartori et al., 2015). The
mean of three readings, taken at 30 s intervals, was calculated. Eggs
were not disturbed during the recording period and any embryonic
movement could be detected and distinguished from heart rate read-
ings. Heart rates were measured weekly from week 4 to 9 (earliest
and latest time heart rates could be detected by the monitors).
2.4. Pipping and post hatching measurements
To determine the incubation period, all eggs in both experiments
were inspected for signs of pipping (initial break of egg with caruncle)
twice daily (Gutzke et al., 1984). The incubation period was measured
as time in days from oviposition until pipping.
Within 12 h of hatching, neonates were weighed, measured (cara-
pace and plastron straight length and width), and performance tests
were undertaken. The residual yolk sac that had not yet been drawn
into the body through the umbilical fontanel at the time of hatching
was measured and an estimate of the size was calculated using length,
width, and height measurements (volume of an ellipsoid). Performance
and coordination of hatchlingswere assessed through righting times. All
hatchlings were placed on their back (carapace) and the time taken to
right themselves was measured and used as an index of neuromuscular
development (Vleck et al., 1979, 1980; Peterson and Kruegl, 2005;
Colbert et al., 2010). Righting times were recorded to the nearest second
using a digital stopwatch and all tests were stopped at 300 s. Hatchling
growth in the asynchronous experiment was measured every month for
4 months to assess short-term costs to individuals.
2.5. Data analysis
A general linearmodel (GLM)was used to analyze group vs. individ-
ual incubation periods in the egg positioning experiment. A GLM was
also used to assess incubation periods in the asynchronous experiment
to test whether asynchronous or synchronous group incubation regime
affected incubation period and if the asynchronous group hatched syn-
chronously, using eggmass as a covariate. We compared the incubation
periods of eggs within each clutch in the asynchronous group and syn-
chronous group to assess if therewere differences in incubation periods
within clutches and therefore if hatching synchrony occurred. Incuba-
tion period of eggs in asynchronous groups were compared to the syn-
chronous groups, to determine if asynchronous groups hatched earlier
than expected. To confirm a difference in incubation period that
would be expected from the initial asynchrony set-up, the incubation pe-
riod of the two more advanced eggs in the asynchronous group were
compared to the two not advanced eggs in the synchronous group.
Heart rates of embryos were analyzed using GLM for every week to
test whether the asynchronous treatment affected metabolic rate, with
egg mass as a covariate. Circadian rhythms were determined through
daily heart rate fluctuations, which were calculated as a difference
from the mean diel rate (bpm) at each time point. Peaks were used to
align circadian rhythms with time of day in either asynchronous or
synchronous groups and analyzed using an ANOVA.
Hatchling mass, morphology, and righting ability were individually
analyzed using a GLM with egg mass as a covariate. A binomial test
was used to assess propensity to flip. All analyses were performed
using SAS 9.2 (SAS Institute Inc.).
3. Results
3.1. Heart rate
Heart rate (bpm) of embryos from asynchronous and synchronous
groups decreased from week 4 to 9 of incubation from 93 to 73 bpm
(21.5 %; t4 = 6.42, p = 0.002) and 95 to 66 bpm (30.5 %; t4 = 6.8,
p = 0.001), respectively (Fig. 2). Heart rates of asynchronous and syn-
chronous embryos did not differ significantly throughout incubation
with the exception of week 8 when synchronous group heart rates
Fig. 1. Incubation method—Eggs from each clutch were divided and incubated separately for 8 d, then returned to the same containers to continue incubation at 30 °C. Asynchronous
group—two more advanced eggs (black) were incubated at 30 °C and four eggs (white) were incubated at 26 °C for 8 d. Synchronous group—two not advanced eggs (black) were
incubated at 26 °C and four eggs (white) were incubated at 26 °C for 8 d. All eggs were then placed in 30 °C incubators until the completion of incubation.
60 J.K. McGlashan et al. / Comparative Biochemistry and Physiology, Part A 188 (2015) 58–64
were 17.6 % higher than asynchronous embryos (F1,13 = 36.49, p =
b0.0001; Fig. 2). From weeks 4 to 6, heart rate of all embryos remained
relatively constant 89.5–92.1 bpm, after which a significant decline
occurred in both asynchronous and synchronous groups. From week 7
to week 8, asynchronous embryos heart rates dropped by 13.2 bpm
(15.6 %; F1,14 = 4.6, p = 0.0001) and synchronous embryos dropped
by 3.6 bpm (4 %) and continued to decline significantly by 19.8 bpm
fromweeks 8 to 9 (22.9 %; F1,9 = 61.28, p = 0.00003) (Fig. 2) however,
asynchronous embryos increased heart rate by 2.5 bpm in weeks 8–9
(3.4 %).
Circadian rhythms in heart rates were present with a clear peak in
heart rates throughout the day (Fig. 3). Individuals showed minimum
and maximum heart rates over a 24 h period, but they were not corre-
lated with the time of day in both asynchronous and synchronous
groups. In general, heart rate of asynchronous groups did not vary great-
ly from the mean heart rate as did synchronous groups. There was no
significant difference in the peak heart rates between groups, suggest-
ing that asynchronous groups did not exceed the potential for periods
of higher peak daily rate, relative to synchronous groups. In the 6 h lead-
ing up to the maximum rate, there was a greater negative deviation, or
period of daily ‘resting’, in the synchronous group (M=−4 bpm) than
the asynchronous group (M = −0.5 bpm) (F1,10 = 4.96, p = 0.04)
(Fig. 3). Heart rate deviation from themeanwas also significantly differ-
ent 12 h before the peak between synchronous groups (M= 0.3 bpm)
and asynchronous groups (M =−1.6 bpm) (F1,10 = 4.96, p = 0.03),
most evident in the diel heart rate profiles in week 5, 7, and 8.
3.2. Incubation period
Incubation period did not vary between clutch-mates in both asyn-
chronous and synchronous groups. All eggs within a clutch in the asyn-
chronous groups hatched within 1 d of each other (F1,43 = 0.11, p =
0.74) and all eggs within a clutch in the synchronous group hatched
within 3 d of each other (F1,43= 0.80, p= 0.38). Therewas a significant
difference in incubation periods between eggs in asynchronous and
synchronous groups (4–7 d) (F1,43 = 4.00, p = 0.05) and an 8 d dif-
ference in the incubation period of the two more advanced eggs from
the asynchronous groups compared to the two not advanced eggs in
the synchronous group (F1,43 = 9.62, p = 0.003) (Fig. 4). In the egg
position experiment, grouped embryos hatched up to 3 d earlier than
embryos that were incubated individually (F1,33 = 4.45, p = 0.04)
(Fig. 5).
3.3. Hatching and post hatching development
A total of 27 asynchronous and 21 synchronous hatchlings
representing all clutches were used to assess hatching and post hatching
development. Yolk sac size differed significantly between neonates from
asynchronous and synchronous groups at the timeof hatching.Hatchlings
from the asynchronous groups hatchedwith significantly smaller residual
yolk sacs (30 mm3) than those from synchronous groups (92 mm3)
(F1,43= 4.45, p=0.04), but therewas no difference in yolk sacs between
neonates within clutches in the asynchronous group (F1,26 = 0.01, p =
0.92) and synchronous group (F1,20 = 0.81, p = 0.38) (Fig. 6). There
was no difference in hatchling mass (F1,43 = 0.47, p = 0.5) and carapace
length (F1,43=0.83, p=0.36) between neonates fromasynchronous and
synchronous groups at the time of hatching and at 4 months; mass
(F1,15 = 0.87, p = 0.37) and carapace length (F1,15 = 0.10, p = 0.76).
Performance (as assessed by righting times) was not affected by incu-
bation treatment. There was no significant difference in performance
(total time to right) of neonates from asynchronous and synchronous
groups at the time of hatching (F1,27=0.97, p=0.33) and after 4months
of growth (F1,41=0.00, p=0.96). Therewas also no significant difference
in righting times between hatchlings from asynchronous groups and all
other hatchlings from the experiment. Propensity to right was assessed
and there was no significant difference between all groups at the time of
hatching (F3,44 = 1.51, p = 0.23) and at 4 months of age (F3,44 = 0.24,
p = 0.87). No phenotypic differences occurred between grouped em-
bryos and individual embryos in the egg positioning experiment.
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Fig. 2.Mean (M) heart rates (bpm) of embryos in synchronous (dark grey) and asynchro-
nous (light grey) groups: synchronous, M= 90 bpm; asynchronous, M= 84 bpm (week
8: F1,13 = 36.49, p = b0.0001 a) ± SE, n = 70. a) significant difference in heart rates be-
tween asynchronous and synchronous groups, n is the total number of eggs used.
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Fig. 3. The difference frommean heart rate of synchronous (dark grey) and asynchronous
(light grey) groups over a 24 h period. Data from weeks 4 to 9 before hatching are com-
bined, x-axis represents duration of time (h) away from the peakheart rate andy-axis rep-
resents the difference from the mean heart rate (bpm), ±SE, n = 70. a) significant
difference in heart rate deviation 12 h prior to the peak heart rate between synchronous
and asynchronous groups (F1,10 = 4.96, p = 0.03), b) significant difference in heart rate
deviation 6 h prior to the peak heart rate between synchronous and asynchronous groups
(F1,10 = 4.96, p = 0.04).
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Fig. 4.Mean incubation period of eggs in synchronous and asynchronous groups, ± SE,
n = 48. a) significant difference between more advanced eggs and not advanced eggs
(F1,43 = 9.62, p = 0.003), b) significant difference of both synchronous and not advanced
eggs compared with asynchronous eggs (F1,43 = 4.00, p = 0.05).
61J.K. McGlashan et al. / Comparative Biochemistry and Physiology, Part A 188 (2015) 58–64
4. Discussion
In a natural nest, eggs of C. longicollis take 110–150 d to hatch and
emerge (Parmenter, 1985), but they incubate for 62–79 d at a constant
temperature of 30 °C and 75–94 d at a constant temperature of 26 °C in
the laboratory (J. K. McGlashan, unpublished data). Much of this varia-
tion in incubation periods may relate primarily to complex interactions
between siblings within individual nests. Here we show that eggs of
C. longicollis hatch synchronously and embryos are able tometabolically
compensate and catch up to more advanced clutch-mates by remark-
ably reducing incubation periods by up to 7 d (Fig. 4). Group environ-
ment also influences hatching times, with eggs incubated in groups
hatching up to 3 d earlier than eggs incubated in isolation (Fig. 5).
Hatching synchrony in reptiles can occur either by delaying hatching
(eg. C. insculpta (Webb et al., 1986; Doody et al., 2001)), hatching
prematurely (eg. C. picta (Colbert et al., 2010)) or through metabolic
compensation (eg. Eastern three-lined skink (Bassiana duperreyi) (Du
et al., 2010a) and embryonic E. macquarii (McGlashan et al., 2012)).
Neonatal C. longicollis show a level of developmental plasticity that
allows them to hatch synchronously, but we found no significant evi-
dence of metabolic compensation in mean daily heart rate throughout
the 9 weeks of incubation, similar to Spencer (2012). Metabolic com-
pensation in C. longicollismay be stimulated by communication through
diel adjustments of heart rate. Circadian rhythms are present in devel-
oping C. longicollis embryos, as they are in embryonic E. macquarii
(Loudon et al., 2013), despite no environmental influences such as
daylight. Heart rates are elevated or ‘peak’ during the day, indicating pe-
riods of high developmental activity and drop, indicating periods of low
developmental activity or ‘resting’. These rhythms are not synchronized
to the time of day among eggs of C. longicollis, and there is no indication
of synchrony between individuals when compared from week to week.
The mean weekly heart rate can be used as an indicator for metabolic
rate of embryos, and deviations from the mean rate throughout the
daymay indicate positive or negative compensatory changes in embryo
metabolism. Asynchronous groups showed less overall deviation from
the mean heart rate in relation to synchronous groups and instead
remained relatively constant throughout incubation (Fig. 3). In daily pe-
riods of ‘rest’ where heart rate drops, asynchronous embryos showed
less negative deviation, compared to synchronous groups where the
drop in heart rate was up to 5 bpm (t10= 2.99, p= 0.006). Maintaining
a constant heart rate in these periods of resting throughout incubation is
indicative of metabolic compensation. Changes in relative heart rate are
more subtle in asynchronous embryos, as they remain at a constant
higher rate compared to synchronous groups, this is necessary to meta-
bolically compensate, hence ‘catch up’ to more advanced embryos and
facilitate synchronous hatching.
Embryonic oxygen consumption and heart rate increase in a sigmoi-
dal pattern (having an ‘S’ shape) throughout development in many
turtles, until they reach a peak several days before hatching and then
decrease steadily (Thompson, 1989; Booth, 2000; Booth and Astill,
2001; Du et al., 2010b; McGlashan et al., 2012). In many precocial ani-
mals, this decline following the peak is thought of as a ‘resting stage’.
The resting stage is one where tissue growth is essentially complete
and the sensory, neuromuscular, and thermoregulatory systems ma-
ture. Referred to as secondary development, it is an important stage
for species with little to no parental care post hatching (Vleck et al.,
1979; Peterson and Kruegl, 2005). The heart rate of embryos of
C. longicollis remains stable from weeks 4 to 7, a pattern that is seen in
semi-precocial birds (Cain et al., 1967; Tazawa et al., 1991a,b; Tazawa,
2005). In week 8 (asynchronous) and week 9 (synchronous), heart
rate declines significantly (Fig. 2), indicating a potential resting stage.
This marked fall in metabolic rate has also been shown in embryos of
C. insculpta (Webb et al., 1986), E. macquarii, and the American alligator
(Alligator mississipiensis), 80–90% of the way through incubation
(Thompson, 1989). The embryos of the more advanced eggs from the
asynchronous group were 8 d more advanced than the embryos of the
not advanced eggs of the synchronous groups. The significant decline
in heart rate by the asynchronous embryos is potentially a result of em-
bryos responding to the developmental rates of more advanced eggs in
the clutch and therefore beginning their resting stage, in this case, a
week earlier than expected, relative to synchronous groups. Both asyn-
chronous and synchronous groups began their resting stage 80–85% of
the way through incubation. The asynchronous group, as a result of
being incubated with more advanced eggs, shifted their resting stage
to coincidewith themore advanced eggs, ensuring enough time to com-
plete secondary development with no developmental consequences.
Embryos of the asynchronous group hatched up to 7 d earlier than the
synchronous group, assumed to be at the same stage, thus hatching syn-
chronously with clutch-mates.
The cost ofmetabolic compensation during developmentmay relate
to increased yolk reserve utilization. Certain incubation conditions that
demand increased developmental rates or metabolic compensation
during development often results in greater utilization of yolk reserves
(Bhan et al., 2002; Radder et al., 2002, 2004; Van Dyke et al., 2011). Re-
sidual yolk at hatching is a result of left-over yolk from incubation but is
used for post hatching energy supply and growth (Tucker et al., 1998;
Radder et al., 2004; Van Dyke et al., 2011). Evidence of metabolic
82
83
84
85
86
87
88
89
90
Group Individual
In
cu
ba
tio
n 
Pe
ri
od
 (d
ay
s)
Fig. 5.Mean incubation period of eggs in groups (dark grey) and individuals (light grey)±
SE, n = 35, (F1,33 = 4.45, p = 0.04).
0
20
40
60
80
100
120
Synchronous Not advanced
eggs
Asynchronous More advanced
eggs
Y
ol
k 
Sa
c V
ol
um
e (
mm
3 )
a
a
Fig. 6. Mean yolk sac size (mm3) of synchronous (dark grey) and asynchronous (light
grey) hatchlings, ± SE, n = 48. a) significant difference between asynchronous and
synchronous groups (F1,43 = 4.45, p = 0.04).
62 J.K. McGlashan et al. / Comparative Biochemistry and Physiology, Part A 188 (2015) 58–64
compensation is apparent in diel heart rates of embryos (Fig. 3) and is
also supported by asynchronous group hatchlings having significantly
smaller residual yolk volumes than synchronous groups (Fig. 6). Yolk
sac sizes within the asynchronous group and the synchronous group
are not significantly different between hatchlings so asynchronous em-
bryos utilized the same amount of yolk during the period of increased
demand as the more advanced eggs did at the beginning of incubation
when asynchrony was established (Fig. 1). E. macquarii embryos catab-
olize yolk reserves to increase metabolism during incubation, resulting
in smaller residual yolk sacs at hatching and no difference in hatchling
size (McGlashan et al., 2012). Chelodina longicollis hatchlings that
hatch with smaller yolk sacs are not phenotypically disadvantaged in
regards to size and performance at the time of hatching and up to 4
months post hatching, indicating that development is completed.
Nests are versatile environments for developing embryos. Until re-
cently, itwas believed that themicroenvironment of a nest, such as tem-
perature and humidity, was the primary factor that determined how
reptiles and embryos grow and develop, but it is apparent that reptilian
embryogenesis is far more complex than previously assumed. The
mechanisms of ECH in turtles are still poorly understood, and although
temperature and nest ecology can impact on incubation length and
development of ectothermic embryos, there is evidence of plasticity in
development (West-Eberhard, 1989, 2003; Deeming and Ferguson,
1991; Packard and Packard, 2000; Johnston and Temple, 2002; Price
et al., 2003; Doody, 2011). It is not known how C. longicollis and
E. macquarii accelerate development, but heart rates are not fixed and
environmental conditions merely determine the limits of heart rate
and thus developmental rate (McGlashan et al., 2012; Loudon et al.,
2013). Synchronous hatching has evolved in many aquatic turtles with
many abiotic and biotic factors serving as the cues (Webb et al., 1986;
Thompson, 1989; Lindeman, 1991; Packard et al., 1997; Doody et al.,
2001; Spencer et al., 2001; Packard and Packard, 2004; Tucker et al.,
2008; Colbert et al., 2010; Spencer and Janzen, 2011). Synchronous
hatching is not a passive action, it is driven by embryo–embryo commu-
nication in the nest. It is not clear how embryos are communicating, but
it is apparent that thefinal 2weeks of incubation are important for signal-
ing and responding to cues in the nest as evident in both the asynchro-
nous and egg position experiment. Egg positioning in the nest
potentially facilitates communication between embryos, and this may
be due to auditory cues from embryos or vibrations fromheart beats dur-
ing development.
Thermal and phenotypic plasticity of embryos, communication be-
tween embryoswithin the nest, andmost recently, embryonic circadian
rhythms have all been discovered in recent years (McGlashan et al.,
2012; Loudon et al., 2013). The mechanism and evolutionary purpose
that stimulates and enables early/premature synchronous hatching
could vary among species of turtles, but it is evident that cues that
occur within a nest are capable of altering a very important stage in
the life history of these animals to allow synchronous hatching, thereby
maximizing the chance of survival for the individual.
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